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ABSTRACT

The Mei-Yu front is a quasi-stationary belt of heavy
precipitation imbedded in the summer monsoon trough over
East Asia. This work used a two dimensional frontogenesis
model to study the Mei-Yu front, especially its associated
low-level jet (LLJ) which often occﬁrs during intense-
convection. Several numerical experiments were carried out
to simulate the quasi-steady frontal structures in different
environments. The results resemble many observed features,
such as the stronger temperature and moisture gradients in
the midlatitude fronts and the stronger horizontal shear and
LLJ in the subtropical fronts. The LLJ is most conspicuous
in the sabtropical simulation when high humidity and surface
fluxes are included. The results further suggest that the
LLJ is developed through the Coriolis torque that is exerted

J/

by the low—-level poleward branch of a “reversed Hadley cell";

o

equatorward of the front. This thermally direct cell is '
different from the normal cross—frontal secondary
circulation. Its development depends on the occurrence of

intense convection.
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I. INTRODUCTION

A review of recent observational studies of the main
phenomena of this study, the Mei-Yu, and the associated
disturbances will be presented first. There follows a

review of the pertinent theoretical studies. A description

of the objectives of this numerical study of the Mei-Yu

front will then be given.

A. OBSERVATIONAL STUDIES
1. Mei—-Yu

Over eastern Asia, the transition period from the
northeast winter monsoon to the southwest summer monsoon
possesses a distinctive climatological phenomenon which is
important for regional weather forecasting. The seasonal
rainfall reaches a maximum during this period (Fig. 1.1).
The rainfall during this period is called "Mei-Yu" (plum
rain) in China and "Baiu"” in Japan. During this period, the
rainfall may be continuous or intermittent for several days
to a few weeks and is characterized by frequent rain-showers
and thunderstorms, with rainfall rates of up to a few
hund~ed millimeters per day (e.g., Chen, 1983; Ninomiva,
1980). The Mei-Yu season first appears in southern China in

May, and influences the weather over southern China and




\ then migrates over the Yangtze Valley and Japan from mid-
June to mid-July.

Synoptically, the Mei-Yu rainfall is associated with

PP

the repeated occurrence of a front that develops in the

midiatitudes and slowly moves southeastward to a quasi-

4 stationary position ‘extending from southern Japan to
E southern China. Satellite  pictures reveal a nearly
- continuous cloud band accompanying this front, which |is
; often called a Mei-Yu front or a Baiu front. The frontal
;E position coincides with the early summer monsoon trough 1in
;‘ eastern Asia and 1its existence may be viewed as a
o

E manifestation of the trough. The beginning of the rainy
; season also signifies the onset of the northern summer
~ monsoon in this part of the world. The Mei-Yu often
N undergoes sequential jumps between May and July (Fig. 1.2;
- Tao and Chen, 1987) depending upon the strength and the
A position of the North Pacific Ocean subtropical high (Tao
E and Ding, 1981). As the Mei-Yu onset occurs in the Yangtze
4

. River region in June, the Indian monsoon is also being
y established and the westerly jet stream begins to retreat to
? the north of the Tibetan Plateau. At the same time, the.
! subtropical high in the western Pacific area moves northward
- to 20-250N. The Mei-Yu season lasts through mid-July, when
z the subtropical high moves northward to 30°N. At that time,
) A

N the rain belt is to the north of the Yellow River, which
A{ signifies the beginning of heavy rainfall period in northern
- 13
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China and the ending of the Mei-Yu in subtropical China (Tao
and Chen, 1987).

2. Mei-Yu Front

The climatology of the Mei-Yu front over southern

China and the adjacent areas was examined by Chen and Chi

(1980) for the periods of 15 May-15 June, 1968-1977. They

found that the Mei-Yu frontogenesis takes place 1in the'

subtropical part of southern China to the south of ~35¢N.
All the Mei-Yu fronts were formed in the area of 20°-35°N
and 100°-130°E (Fig. 1.3). The lifetime of individual cases
of Mei-Yu fronts ranges from 3 days to 22 days with an
average of 8 days. The kinematic background for the
frontogenesis is the deformation field between the
subtropical high over the Pacific and the migratory high
over central China. They suggested that the sea-surface
temperature contrast in the nearby South and East China Seas
may also be a favorable factor for the frontogenesis.

In contrast to the polar front, the temperature
contrast across the Mei~-Yu front 1is typically small, but
there is always a marked moisture gradient near the frontal
zone (Akiyama, 1973a; Chen and Tsay, 1978; Matsumoto.et al.,
1970, 1971; Tao, 1980). An analysis of the kinematic
structure of the Mei-Yu frontal system over Southeast Asia
was carried out by Chen (1978). The Mei-Yu frontal system
possesses a remarkable shear line which roughly coincides

with a trough at 850 and 700 mb, although the associated

14
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geopotential gradient is rather weak in the immediate

‘ﬁ vicinity of trough. The shear line approximately coincides
E with the maximum north-south gradients of mixing ratio and
ﬁ equivalent potential temperature. To the south of the shear
: line, a low level jet (LLJ) that is characterized by maximum
\S mixing ratio and high equivalent potential temperature is
5{ found near 700 mb (Fig. 1.4). . Strong cyclonic vorticity,
‘e horizontal convergence and upward motion are observed along
'i and to the south of the shear line. The cloud band
‘E approximately coincides with the area of maximum cyclonic
- vorticity, horizontal convergence and upward motion.
§ Intense convective clouds in the southern portion of the
% cloud band tend to be associated with the maximum values of
. these kinematic parameters as well with relative humidities
EE greater than 80% in the lower-middle troposphere. Clear
j: skies over the East China Sea and its wvicinity are
. accompanied by downward motion of dry air (relative humidity
i: less than 30% at 850 mb, less than 10% at 700 and 500 mb).

; Chen and Chang (1980) studied the structure and
3 calculated a vorticity budget for a Mei-Yu system during the
:2 period 10-15 June 1975. During the mature and decaying
; stages of the monsoon trough, the structure of the eastern
. section (southern Japan) and the central section (East China
7; Sea) is different from that of the western section
- (southeastern China). In the eastern and central section,
. the structure resembles a typical midlatitude baroclinic
15
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front with a strong vertical tilt toward an upper-level cold

core low and a strong horizontal temperature gradient. On
the other hand, the western section resembles a tropical
disturbance with an equivalent barotropic, warm éore
structure, a relatively weak horizontal temperature gradient
and a rather strong horizontal wind shear in the lower
troposphere. In the mature stage, the upward motion reaches
maximum values at 500 mb. It is located over the 850 mb
monsoon trough in the western (W) section, &° latitude south
of the trough in the central (C) and 3° latitude southeast
of the trough in the eastern (E) section. Or the north side
of the trough, downward motion prevails witii a maximum at
400 mb in sections C and E, and at 700 mb 1n sectinn W.
This well-organized vertical velocity couplet is indicative
of a well-developed secondary circulation normal to the
trough. In the decaying stage, the circulation becomes
substantially less vigorous 1n sections W and C, but it
maintains intensity 1n section F. fsav and Chen 1980
analyzed the processes which force the vertical motion 1in
sections W, ¢ and E. They found the eastern portion
partially maintains the characteristics of a midlatitude
system, while the western portion behaves similar to a
tropical system.

The Mei~Yu front can be several thousand kilometers
long, and therefore it is a large-scale monsoonal

phenomenon. However, the cross-front scuale is considerably

16
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smaller, which 1s within the mesoscale range. Among the
many mesoscale features that are observed near the Mei-Yu
frontal zone, the most important are the organized mesoscale
convective systems embedded within the broad Mei-Yu cloud
band, which lies on the warm side of the front (Fig. 1.5).
These convective systems tend to move along the front from
west to east and produce locally heavy rainfall rates of
> 100 mm day-! (Akiyama, 1974, 1978; Chen, 1977; Ninomiya
and Akiyama, 1971, 1972, 1973, 1974).

3. Low Level Jet (LLJ)

To the south of the Mei-Yu (or Baiu) front, there is
often a strong ageostrophic low level jet (LLJ) which is
usually observed between 1.5 and 3 km (850-700 mb) and is
strongly correlated to the heavy rainfall (Akiyama, 1973b;
Chen, 1977, 1986; Matsumoto, 1972; Matsumoto, et al., 1971;
Ninomiya and Akiyama, 1974; Tao and Chen, 1987). Akiyama
(1973a) observed that the heavy rainfalls in the Japan Baiu
season occur most frequently to the north of the low level
jet stream and seldom occur in areas more than 200 km south

of the jet axis. Matsumoto (1973) found that the peak of

heavy rainfall precedes by 6 h the peak of the low level jet

speed. He also found that the peak of heavy rainfall is in
phase with the maximum acceleration of the LLJ.

In the Great Plains and Midwest areas of the United
States, the low level jets are a climatological feature with

the maximum frequency during the spring and summer months
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(Bonner, 1968). The low level Jjets in this area are

basically a boundary layer phenomenon that are characterized

by a diurnal oscillafion. The jet reaches maximum intensity
by early morning, and 1is associated with a nocturnal
temperature inversion (e.g., Blackadar, 1957; Bonner, 1968;
Holton, 1967; Lettau, 1967; Wexler, 1961). Different

theories (discussed later in section B) have been proposed.

to explain the generation of the low level jet and the
seasonal, temporal and geographic variations. In the British
Isles, a low level jet 1in conjunction with midlatitude
cyclones was studied by Browning and Harrold (1870) wusing
Doppler radar observations. Browning and Pardoe (1973)
found that for six cases of ana-cold fronts occurring in the
colder months in British Isles, the low level jet had a
maximum velocity in the layer 900 to 850 mb qf 25 to 30 m s!?

and occurred during night or day.

4. Mesoscale convective systems (MCS’s)

Rainfall characteristics over Taiwan and vicinity
were studied by Chen (1977) and Chen and Tsay (1978) using
dense hourly rainfall reports, radar echoes and satellite
pictures. The iow level southwesterlies, especially the
LLJ, tends to create potential instability to the warm side
of Mei-Yu front. Continued large—-scale ascent then leads to
the release of potential instability through organized
mesoscale convective systems. The mesoscale convective

systems embedded within the broad Mei-Yu cloud band can be

18
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of several different sizes (meso -a, -B, or -y). A case
study by Chen and Tsay (1978) revealed the existence of
these mesosystems in Taiwan with wavelengths of 60, 85 and
170 km and the corresponding éeriods of 2.6, 3.5 and 7.1 h.

A spectrum analysis (Tao, 1980) of radar echoes in the

rainbands along the Mei-Yu front over the Chinese mainland

also showed the existence of organized mesoscale convective

systems with wavelengths of 150, 84 and 50 km. Akiyama
(1978) found that the echoes within the rainband in the Baiu
season in Japan are organized into mesoscale clusters with
spatial intervals on the order of 100-150 km.

Simulations of these mesoscale convective systems
require a three-dimensional model. In our two-dimensional

simulations, we will not study these phenomena.

B. THEORETICAL STUDIES
1. Front

Quasi-geostrophic frontal theories (Stone, 1966;
Williams, 1968; Williams and Plotkin, 1968) showed that
large-scale deformation fields can lead to surface
frontogenesis and result in strong horizontal temperature
gradients that are characteristic of fronts. However, the
structure of the front and the associated secondary
circulation do not tilt with height. It also lacks cyclonic

wind shear at the front and has several other unrealistic

features, including the infinite time required for the front
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to form. Later studies using primitive equations (Williams,
1972) and the semi-geostrophic equations (Hoskins and
Bretherton, 1972) removed these unrealistic features by
including the ageostéophic advections of temperature and
momentum. In particular, Hoskins and Bretherton (1972) used
the set of semi-geostrophic equations to show that the
nonlinear effects of the ageostrophic advections can be
represented by the quasi-geostrophic solutions, if these
solutions are written in the ¢geostrophic coordinates and
then transformed to the physical space. ~Later, the semi-
geostrophic theory was expanded to three dimensions by
Hoskins (1975) and Hoskins and Draghici (1977).

Frictional and diabatic effects also have been
studied by a number of investigators. Williams (1974) found
that vertical mixing can determine the slope of a front,
and, together with horizontal mixing, can determine the
cross-width of the frontal zone. Keyser and Anthes (1982)
showed that the proper simulation of the concentrated upward
motion in the surface frontal zone depends on the planetary
boundary layer parameterization. Williams et al. (1881),
Ross and Orlanski (1978), and Hsie and Anthes (1984) found
that latent heat release intensifies both the upper level
westerlies and the 1low 1level easterlies poleward of the
surface front, and the ageostrophic secondary circulation

across the front.

20
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2. Symmetric Instability

Within extratropical c¢yclones, banded structures 1in

L an v o v 4

clouds and precipitation have been observed both in

conditionally stable and unstable atmospheres (Hobbs, 1878).
Bennetts and Hoskins (1979) suggested that these bands are a
result of conditional symmetric instability. Emanuel (1979)
demonstrated that circulatians resulting from this
instability are fundamentally mesoscale in character.
Recent observations 1indicate that conditional symmetric
instability 1is responsible for some precipitation bands
within extratropical cyclones (Bennetts and Sharp, 1882;
Moore, 1985; Parsons and Hobbs, 1983; Sanders and Bosart,
1985).

Bennetts and Hoskins (1979) and Emanuel (1982)
assessed the degree of coqgitional symmetric instability
based on infinitesimal displacements in saturated
atmospheres. Emanuel (1983a,b) considered parcel
instability which leads to a measure of the stability of the
moist baroclinic atmosphere to finite slantwise reversible
displacemenls of a two-dimensional air parcel or air "tube”".
Dynamically, inertial, symmetric and convective
tnstabilities are very closely related. Each of these
instabilities may be thought of as resulting from an
imbalance of body forces acting on a fluid parcel. In the

case of convective instability, the gravitational force acts

vertically. In the case of 1inertial 1instability, the
21
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centrifugal force acts horizontally. Symmetric instability
simply represents motion resulting from a combination of

1"

these forces, and thus the motion is "slantwise. Following
Emanuel {1983a,b), it can be shown that slantwise
instability requires the slopes of the pseudo angular
momentum (M) surfaces to be smaller than those of the
equivalent potential temperature ( 8e) surfaces. This is
equivalent to stating that 8 e decreases along the constant
M surfaces upward or that M decreases in the cross-front
direction toward warm air along a B8e-surface. From the
definition of M, the latter implies that the absolute
vorticity is negative along 0 e-surfaces.

A case study by Emanuel (1983b) of a strongly
baroclinic flow with observed linear bands of clouds and
precipitation reveal§ that the atmosphere 1is initially
conditionally unstable to upright convection and tends to
become neutral with respect to slantwise displacements.
Such an atmosphere possesses moist adiabatic lapse rates
along M surfaces, even though it may be substantially stable
to vertical displacements. In this case, conditionally
unstable baroclinic flow undergoes a form of slantwise moist
adiabatic adjustment that renders the atmosphere neutral to
slantwise reversible displacements. The adjustment uses up
the total slantwise convective available potential energy

(SCAPE) rather than just the convective (gravitational part

of) available potential energy (CAPE) for upright
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convection. After such an adjustment, the SCAPE of the

! atmosphere is very close to zero while the CAPE actually
becomes negative.

N Emanuel (1985) carried out a diagnostic study using a

semi~geostrophic model with small potential vorticity (i.e.,

¢

; small symmetric stability) in the region of upward motion

: and not so small potential vorticity in the region of

) downward motion. He demonstrated that frontal forcing

g results in a strong, concentrated, sloping updraft that is

: located ahead of the region of maximum geostrophic

; frontogenetical forcing. The distance between the "front”

-f and the updraft will, in the atmosphere, have a typical

i value on the order of 50-200 km. This was observed by

ﬁ Sanders and Bosart (1985), who found that slantwise !

a convection can persist even after a condition of near-

: neutrality has been achieved under frontogenetical forcing.

: It has also been shown by Thorpe and Emanuel (1985) that in

E an atmosphere which has small stability to slantwise

~

- convection, frontogenesis proceeds at a greatly 1increased

J rate {due to latent heat release) and the horizontal scale

é of the ascent in the warm air 1s considerably reduced.
Cross—frontal circulations produced by geostrophic forcing
are similar in structure to slantwise convection, despite
the (small) stability to the latter.
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’: 3. Low Level Jet (LLJ)
if In the vicinity of Japan, the Baiu front is
::i accompanied by an ageostrophic LLJ near 700 mb, which 1is
‘S; oriented along the heavy rainfall zone. The ageostrophic
= LLJ is suggested to be a result of the downward transport of
&E horizontal momentum caused by cumulus convection (Akiyama,
lfl 1973a; Matsumoto, 1972; Matsumoto and Ninomiya, 1969;
-l Matsumoto et al., 1971, Ninomiya, 1971; Ninomiya and
{E Akiyama, 1974). In China, several different relationships
éi between the low level jet and heavy rains have been observed
:.‘ in the Mei-Yu season. In one of these, a LLJ is coupled and
"
53 parallel to the upper tropospheric jet. The formation and
}E strenthening of the LLJ is often associated with the heavy
] rainfall. Chen (1982) suggests that coupling of upper and
ig lower level jets can be explained by an unstaole inertia-
Eé gravity wave that arises from a thermal wind adjustment
i process that corrects an imbalance due to the advection in
¥' the entrance region of the upper level jet. This coupling
% is in contrast to that studied by Uccellini and Johnson
N
; (1979) in the Great Plains of the United States, where the
ig‘ LLJ tends to be perpendicular to and in the exit region of
ii the upper level jet.
? Several theories have also been proposed to explain
'; the formation and diurnal oscillation of the LLJ 1in the
:E Great Plains region of the United States. Blackadar (1957)
a suggested that oscillation in the boundary-layer mixing
»
.l
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processes is responsible for the diurnal variation of the
ILLJ intensity which reaches maximum values by the early
morning. The temporal and geographic preference of the LLJ
have been further explained by diurnal radiation fluxes over
sloped terrain (Holton, 1967; Hsueh, 1970; Lettau, 1967),

and topographical characteristics (Paegle and Rasch, 1973;

Paegle, 1978). Observations also showed that low level jets

may also develop 1in response to synoptic or subsynoptic
processes, particularly through a response to leeside
cyclogenesis that is common to the Great Plains (Djuric and
Damiani, 1980; Djuric and Ludwig, 1983: Naistat and Young,
1973; Newton, 1956; 1967; Reiter, 1969; Uccellini, 1980).
Numerical simulations and a case study by Uccellini and
Johnson {(1979) suggested that the development of the LLJ is
coupled to the wupper tropospheric jelt streak by a mass

adjustment process within the exit region of the streak.

C. OBJECTIVE OF THIS STUDY

The objective of this study is to use a two-dimensional
frontogenesis model similar to that of Williams et al.
({1981) to study the quasi-steady state structure of the Mei-
Yu front and the LLJ. The model contains a convective-
adjustment type cumulus heating parameterization and a bulk
aerodyﬁamics formula for the boundary layer. To study the
possibility of cumulus momentum transport or the diurnal

oscillation processes, additional parameterizations would be
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necessary. Since considerable uncertainties exist in both
the cumulus momentum transport and the diurnal radiation
parameterizations, it is desirable to carry out a modeling
study excluding these processes to see if the LLJ may be
developed. One particular motivation for doing this is the

tropical nature of the Mei-Yu front. The intense convection,

which is correlated with the occurrence of strong low level

vorticity, points to a different possibility. The large
latent heat release provides an energy source which may, in
certain situations, be converted to the kinetic energy of
the LLJ. This possibility is worth investigation especially
in Iight of the recent symmetric instability studies, which
show that slantwise convection may occur in a frontal region
even 1if the symmetric instability condition is neutral or
slightly stable.
Therefore, the following topics are pursued 1in this
study:
1) Study of the structure and dynamics of a steady
front, which is investigated by varying the vertical
stability, moisture content, Coriolis parameter and

boundary-layer fluxes in the model; and

[§%]
~—

Study of the relationship between the occurrence of
the LLJ and the convective activity in a Mei-Yu
front. In particular, the possible role of a
secondary circulation equatorward of the front caused

by convection will be explored.
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of the model is

In Chapter 1I, the basic formulation
presented. In Chapter III, the results of the numerical
experiments are described, but the main interpretation of
the results with respect to the dynamics of .the LLJ 1is
discussed in Chapter 1IV. Chapter V gives the summary and

conclusions.
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Fig. 1.1 Mean daily rainfall (y-axis, mm) for the period of 1951-1970
at Taichung, Taiwan, which is a typical station having a
Mei-Yu rainfall maximum (Chen, 1877).
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Fig. 1.2

Mean onset date of the summer monsoon and the onset date
of Mei-Yu season in East Asia (Tao and Chen, 1986).
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grid intervals during the Taiwan Mei-Yu period of May 15 to

June 15, 1968-1977 (Chen and Chi, 1980).
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Vertical cross section of (a) east-west wind (u; solid) and
north-south wind (v; dash) components in m s-!; (b} total
wind speed (solid) in m s! and mixing ratio (dash) in
g kg-1 along 120°E at 1200 GMT 11 June 1975. J indices
from left to right increase from south to north with a grid
distance of 240 km. The Mei-Yu front at 850mb is near J=7
(Chen, 1978).
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Fig. 1.5 GMS-1 satellite IR picture at 0000 GMT 28 May 1981. a, b,
and c indicate organized mesoscale convective system.

’l’."’l‘.\ LR

Fy
.

32

“a

o y®

RPN I St T I W AW i S
W _/-"'_~?.’ ‘.-" w -4"“5 )




. &

1

Cd
&
E
- II1. NUMERICAL MODEL
€ .
. This study wuses a modified version of the model
3 developed by Williams (1974) and Williams et al. (1981).
o The frontogenesis in the model is forced by a nondivergent
ﬂ basic wind field that contains stretching deformation and
) includes an Ekman layer structure. The model employs
o vertical and horizontal diffusions of potential temperature,
g moisture and velocity. The diffusion coefficients vary only
5 with elevation. Pressure coordinates are used in the
;ﬁ vertical and a tropopause is simulated. This should lead to
; a more accurate simulation of the upper regions where latent
) heating will be important. The time~dependent quantities in
~ the model are functions of y (cross-front) and p and the
3 model is integrated until a quasi-steady state is achieved.
N A planetary boundary layer is added with aerodynamic bulk
2 formulae for the surface fluxes. A moist convective
.3 adjustment process is included to represent cumulus
; convection. A staggered grid is used in the horizontal
: because it gives a better treatment of the solutions that
;i involve heating.
: In Section A, the basic equations in pressure
i coordinates are developed including the appropriate moisture
E terms., The convective adjustment and latent heating are
A; discussed in Section B. In Section C, the boundary layer
j treatment is described. The initial conditions and
: |
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tropopause simulation are in Section D. The details of the
specification of model grids, grid arrangements and finite

difference scheme are in Appendix A, B and C respectively.

A. BASIC EQUATIONS

The hydrostatic primitive equations in pressure

coordinates may be written

2V d - 3V (2.1.1)
5T T (W) 55 V) + 76+ fkxV = AF2V + —— ap [(K(p)é-ﬁl ,
26 0 d 06 (2.1.2)
ST rveev) + —a—p(eu)) = Agv20 + 57 [X(p) ﬁ] + 0+ 0m+ He
o} 0 06
?)—%+V-(qv)+—a-6(wq)=AqV2q+ [K(p )ﬁ]«uMA-Mc . (2.1.3)
VeV +3uwpp =0, (2.1.4)
d¢p = -r(ple, (2.1.5)
where:
V = horizontal component of the velocity,
w = dp/dt,
p = pressure, ;
¢ = gZ = geopotential,
8 = T(po/p¥ = potential temperature,
T = temperature,
R = gas constant,

Cp = specific heat at a constant pressure,

k = R/Cp,
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2Q sin¢ = Coriolis parameter,

= rotation rate of earth,

= latitude,

= specific humidity,

= horizontal diffusion coefficient of momentum,
= horizontal diffusion coefficient of heat,

q = horizontal diffusion coefficient of humidity,

vertical diffusion coefficient,

= heating due to dry convective adjustment,

= heating due to moist convective adjustment,

~ = large scale latent heating,

= gpecific humidity change due to moist convective adjustment,
Mc = specific humidity change due to large-scale condensation,

rRp-1 = L
(— Po) Cp ap ( Po)K
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4
} " The upper and lower boundary conditions are given by
. N(X, Y, Pt » t) =(.0(X, Y, Po» t) = 0,
*
; V(X, .Ys Pos t) = Oa
aV _
a_ﬁ'(xs Y, Pts t) = 0: (2.1.6)
4 20, _ 28 _
o dp X5 Y, Pt t) = 6_p'(xs Ys Po>» t) = 0.
Here pt and po represent the pressure at the top and bottom
o
.q of the atmosphere, respectively, and these quantities are
;: approximated as constants. The conditions (2.1.6) include
-~
; the kinematic boundary condition at the top and bottom of
ﬁ the atmosphere, the zero slip condition at the surface, the
{ zero stress condition at the top of the atmosphere, and the
; zero heat flux conditions at the top and bottom of the
i atmosphere, respectively.
[}
(
; The approximate steady-state solutions to (2.1.1)-
1 ]
. (2.1.5) that satisfy the boundary conditions (2.1.6) are as
Wl
. follows:
- = 0x(l - e¥ cosE) + ye€ sink]
X Vo= Ny(l - e% cos ) + xe sinE]
:: w = ﬂ’
'1 (2.1.7)
~ 6 =0 = -D2(x? + y2)/2 - fDxy +F(p),
x 6 = f(p),
v
X q = H(p),
2.
"
5 36
|
Y
~ .
-‘..:*; ‘:\-{\--.-_‘\-_.;_‘-._;._ . --_‘.._ .- .~'..-'..~' 4__.-._-.. R '...~‘.-.'..-__ -'_'4‘.‘.-'.‘- RIS :._ AR e et R .._.._.~V__‘




where £ = [f/2K(po)]!'’2(po - p). The deformation D, and the
Coriolis parameter f are constant, and the functions Fi(p),
G(p) and H(p) are arbitrary except that F and G must satisfy
the hydrostatic equation (2.1.5). These solutions are only

approximate within the Ekman layer because some small

advection terms have been neglected.

The dependent variables are subdivided as follows:

D =u(x, y, p) +uly, P, t),

V=V(x,y, p)+viy, P, t), (2.1.8)
w =wly, p, t), 6 =6(y, p, t),
¢ =®(x, y) +=(y, p, t), q =aqly, p, t),

where all of the departures from the steady-state solutions

are assumed to be independent of X. If we substitute
the relations (2.1.8) into (2.1.1) - (2.1.5) and use
du _ 3V | - ek 8U  _®V _ Nk o at

3 5y n(1 e cos £, 5; -g;-—De= sin &, u, v satisfy
the steady-state equations. The equations of the departure

field from the steady-state solution become

ou 0 2 + Q& sy 2u + U
5Tt —a-i(uv)+ ap(u") Ly Vay tVay T 5y
c v Ay My 2 (g 2
meyr "~ Ap “op (2.1.9)
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3 A 3 ~ \ DY
,;-t\i*—-é—)l»(vv)+—6—p—(wv)+%-)7(vv)+u§—}+ma—g-
R 32 5 s (2.1.10)
= -fy - 2% v O x ¥
fu-55* Mz * o5 (K55
26 D 3 ~ 26 _ »20 2 36
at*"ay(ve)*'—a—-a(we)*’vﬁ‘%g?*-‘é‘a(l(a—p')
(2.1.11
+0A+OM'+HC9
2q D 529 . 0%, 3 g
5t " (va) bp(wQ)+v6y AQS}%+T§(Kap) o 1 1o
+MA'MC:
ov dw
— + —— = {}
o) ? ’
y P AT U S
or
-~ = -r(p)
o)
P 2.1.143
Using the relationship of (2.1.7), the (2.1.9) becomes
du ) ?
X3 “‘a—}- (uv) +—5—5 (u)u) + N{1 - et cos £ lu
- DMy(l -e cos &) - xe® sing12% + D(e= sin £)v (2.1.15)
0 =¥ -F .
+wD-—a-r3-[X(1—e=COSE)+_ye,s1nF']
=fv+A62”+-a...(Ka“)
m 3 y2 R 3p’ °
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It 1is to be noticed that the assumption that u is
independent of x for all time is violated in (2.1.15) in the
two terms where x appears. This indicates that the other
quantities which were assumed independent of x are actually
x—~dependent, which would bring other terms into the
equations. In this study, these added terms are neglected

and (2.1.15) and the other equations are applied at x=0. If

- the initial u, v, @, 6 and q fields are independent of x,
N the error from this approximation will grow slowly and it
p .

E; will be confined to the boundary layer since the x-dependent
& terms in (2.1.15) are =zero outside the boundary layer.
-

;z Since frontogenesis occurs very rapidly, it is expected that

the development of x-variations in the dependent variables
would only have a small effect on the resulting quasi-steady
front. In any case, these effects could not be observed in
the atmosphere, because atmospheric fronts always have some

variation in the basic fields along the front which would be

much more important.

When (2.1.15) is evaluated at x = 0, it becomes
?_”. i_ ~©_ - o< + 6_U_
Tt 3y (uv) + 3D (wu) + N(1 - e% cos E)u +T 3y
2
< 5i - 2 (% i = ofu ., 0 (xdu
+ N(e® sing)v -wVp 3D (e% sinE) = fv + Ama,‘f* 3D (Kap)
(2.1.16)
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where Vy = -Ny and T = Vp(l - e cosE). To remove the
vertical mean in (2.1.10), the vertical average is defined

as

By vertically averaging (2.1.13) and using the boundary

conditions (2.1.6), we obtain

d
—_—<y> =0,
ay"

This equation states that the total disturbance y mass flux
is independent of y. It can be expected that at a large
distance from the frontal zone the disturbance mass flux

will vanish. Thus, we get

<v> =10, (2.1.17)

If we take the vertical average of (2.1.10) and use (2.1.06)

and (2.1.7), we obtain

d 0 & OV, 4 g Y
"67<W>+~6-§<W>+<u ¥ 37
K2 PRI U, WA B (2.1.18)
Y PodD Do
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When this result is subtracted from (2-.1.10), we have

dv , 3 - P + 2 - Qv
5T By (W om v + g lv) g )
X X dv _ . 0V
+ué—x--<ué—x->+m6p W F=>
= - flu - W) -2 (- @)
oy
32y 2 dv K dv
+ — K‘— - — .
thse t o Kap) (poap%o
Using (2.1.7) and evaluating at x = 0, we obtain
dv ., D o D -
5Tt 5y (vv - <vv>) + 3D (wv) + 37 Cv - Cv>)
+ D[ue® sing - <ue sing> - Vplw %5 (e cos &) - 4»—2-6 (e cos £)>]
o] ocv
= e e - - - <y>) +
3y (1! <JT.>) f(u V) Ama?-
Q) oV K av
+ —_— K""— - ~ . 2.1.19
55 59 - o5 ( )
0
Eq.(2.1.11) evaluated at x = 0 may be written,
06 d3(ve) o) 26
—— —— ——
5t ey tap W) +T 5y (2.1.20)

- 0% .2 20
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. Similarly, (2.1.12) becomes
~
~ 2q , 8 d d
= (vq) + =— +7 24
: 3t By q 5p (wq) 5y
52 , , (2.1.21)
= + —— —g. -
2 M5y * oy KD 5+ My - g
- Integrating the hydrostatic equation (2.1.14) with
s respect to p and removing the vertical mean, we obtain
o
Y
)
)
a n -<u>-f r‘(pedp-<j r(pledp > . (2.1.22)
Pt

jj With (2.1.13), (2.1.18) and (2.1.19)-(2.1.22) form a
3 complete set of equations which can be solved by a marching
. process.
"
:J
4
K] B. CONVECTIVE ADJUSTMENT PROCESSES AND LATENT HEATING
{ This section describes the dry and moist convective
E adjustment processes and the latent heat release that are
”
f used in the model. The dry convective adjustment process is

activated in any layer where 36 /3p > 0. In such a layer,
t €@ is set equal to the average value within the layer. Then
% the layers above and below are tested for instability and
" modified if necessary. This process is represented by Qa in
2 (2.1.20).
<.
- When the relative  humidity exceeds 100%, that is
‘j q > qs [gqs (T,p) is the saturation mixing ratio], latent heat
N 42
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of condensation will be released. To adjust the relative

humidity to 100%, T and g must be changed to satisfy

q+6q=QS(T+5T, p); (2.2.1)

CRT = -Loq, (2.2.2)

where L is the latent heat of condensation, and §q and §T

are the changes in q and T during the process. A good

approximation to the function qs(T,p) is given by

“« - 0.38 expl (o - )1, (2.2.3)

v

where Rv is the gas constant for water vapor.

The equations (2.2.1) and (2.2.2) require that the final
state of the air be exactly saturated and that excess
moisture be condensed isobarically, which releases the
latent heat to the air.

Equations (2.2.1) and (2.2.2) «can be expressed 1N

iterative form as

5q = qg (1-r)+(%15—)pm, q = rag (2.2.4)
and
T = -L8q . (2.2.5)

Eliminating 6T from (2.2.3) and (2.2.4) gives
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6q = —as(l = r) (2.2.6)
1 +_£_ pﬁﬂs_)
Cp BT p

At constant pressure, the Clausius-Clapeyron equation can be

expressed as

.295_- =__L.—

(=55, =, 5 . (2.2.7)
Substituting (2.2.6) into (2.2.7) gives

Qefl - r)
5q = L2 .

1+ —c;;{f-/‘?z—_ (2.2.8)

§q may now be calculated from (2.2.8) as can the
corresponding value of 8T from (2.2.4). The first estimates

of the adjusted temperature and mixing ratio are,

T'=T+6T and Q' =q+8q. (2.2.9)

These values are in turn used to obtain improved
approximations. Iterations are continued until the values
of T’ and q’ at each level match with sufficient accuracy a
value of 100% relative humidity. The changes are then
applied to the potential temperature and mixing ratio fields
of the model, which accounts for the term Hec of (2.1.20)

and Mc of (2.1.21).
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The convective latent heating 1is parameterized by a
convective adjustment scheme. The scheme yields similar
results in describing the large-scale effect of latent
heating as ah explicit scheme which included prediction
equations for water vapor, cloud water and rain water (Hsie
and Anthes, 1984).

In areas where convection is occurring, it is necessary
to determine whether the atmosphere is convectively unstable
to moisl processes. A layer will be conditionally unstable
if 36e/3p > 0, where e 1is the -equivalent potential

temperature, which is given by
e =6 exp(ﬂs—) . (2.2.10)

As with the dry convective adjustment, 6. is set equal to
the average value in the unstable layer. This gives a value
for 8 at each level and §T and 6q can then be
determined from the following calculations.

The heat release, Qu, as a result of moist convective
adjustment is included through knowledge of the change of
equivalent potential temperature during the adjustment.

Taking the natural logarithm of (2.2.10) gives

2n6g =12n6 +—t9-TL . (2.2.11)
p

T T - B S S .
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A constant pressure surface may be assumed since the model
uses pressure coordinates. Differentiating both sides of
(2.2.11) and recalling the definition of potential

temperature gives

86 _ 6T 5 gl Lqes T
raniialiis sl —-%37- - e (2.2.12)

Solving (2.2.6) for dgqs, substituting into equation (2.2.11)

and solving for dT leads to

&0
87 = ] 52 . (2.2.13)
A gds - ds
Oe L1 + gt - T

where §8e 1is the change 1in 8e needed to adjust the
gradient 96e/3p to be equal to zero.

Since' the atmosphere remains saturated throughout the
process of moist convective adjustment, the Clausius-
Clapeyron equation is used again to obtain the corresponding
§q or actual G§qs. Changes are again applied to the
potential temperature and mixing ratio fields of the model
which accounts for the terms Qu of equation (2.1.20) and Mc
of equation (2.1.21). The convective adjustment with a
saturated atmosphere is a rather crude parameterization of
the cumulus effects. However, the relative humidity can
indeed become very high in intense Mei-Yu cases (Chen and

Tsay, 1978). Furthermore, the strong control by large-scale
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frontogenesis forcing makes the results less sensitive to

the details of the cumulus parameterization.

C. BOUNDARY LAYER PARAMETERIZATION

The surface fluxes are parameterized by the bulk-
aerodynamic formula and the surface fluxes of heat and
momentum are assumed to influence directly only the lowest
model layer. The magnitude "of the surface stress is
proportional to the square of the wind speed and the surface
sensible heat flux 1is proportional to the product of the
wind speed and the vertical gradient of temperature between
the ground and the middle of the lowest model layer. This
formulation is best suited to models with coarse vertical
resolution, since the depth of the 1lowest layer should
correspond to a typical PBL depth.

In this study, the vertical sub-grid scale mixing terms

in Egqs.(2.2.16) are applied to the lowest layer of the

model. The term may be written as
2 ouy . 0 _ (2.3.1)
5 (K(p) 5 ) 55 TFu(p)]

At the top of the boundary layer, we assume

du (2.3.2)

K(z) 1s defined as

K(z) = Cpjul
47
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where Co is the drag coefficient and |u| = +/ 2 + 2 .
Applying (2.3.2) to the lowest two layers, po and pi1, of the

model, we get

Fu = -9 Cnlufluy - ug)/(py - po)
= -p9 Cplufuy/ap
since uo = 0 from the lower boundary condition and Ap =pj - pq .

Therefore, the u momentum flux at the surface becomes

= - 10- p9 Cn_Jul
Fu 10-3 Ap ) uy o, (2.3.3)

where 10-3 is a unit conversion factor which converts Lhe

unil of pressure to c¢b. Similarly, the v momentum flux is

= - 10-3 (P9 Cp fuj
Fy = - 107 (=4 v . (2.3.4)

P

In this study, the PBL depth, h, is estimated as

Po = P1 100 - 91.9 -
hos— = T roar X 10° = 660 m.

The sensible heat and moisture fluxes are

Fg = - 1073 (_“_&ML_) 6, -9,

Ap 1

9
-0 (el (g, - qp), (2.3.8)
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where 60 and qo are the specified surface values.

The latent heat flux is defined as

FL = ‘—“q“cp ’ (2.3.7)

where L = 2.5 x 10% Joule/kg, cp = 1003 Joule/(°K/kg).

D. INITIAL CONDITIONS

The initial potential temperature is given by
e(y, p, 0 =61(p) - a(——s——) arctan (sinh ay) , (2.4.1)

where 90 ;(p) is a prescribed vertical potential temperature

profile and a is one-half the total horizontal potential

temperature variation. o is defined as and is evaluated
R 8

fr /H /"— (—L)K (- “Q—L) at some middle level p = pn.
Pm ° Pm op P

The thermal wind equation, which is derived using the
hydrostatic equation and the definition of geostrophic wind,

may be written as

o1

ou E (_L)K 69
P P Po

4|

' (2.4.2)

Integrating (2.4.2) from p = pm to p = p

p
du R 30 1
0
Pm foy , P Po
and assuming u = 0 at p = pm, we obtain
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- uly, p, 0) = =B 22 [ By _ (Bmfq
; ’ f &y "y po) | - (2.4.3)
-+
)
Y Using (2.4.1),
[
. 36 _ 2a d .
i é—y-— - —1}-—6—5’— [ar‘ctan (S'”\h GY)-I
s
»
) ?
» = . ch (a o .
— sech (ay) (2.4.4)
Substituting (2.4.4) into (2.4.3), the initial u component
of the velocity may be written,
- = 2. Cp P\ Pm¥ ‘
: uly, p, 0) Far o) - (o) 1 sech (ay) . (2.4.5)
{
oY
) The v component of the velocity is set initially to zero,
f 1.e.,
2
) viy, p, 0) =0,
; so that, w(y, p, 0) =0,
. The initial field of mixing ratio is calculated by
] determining the saturation vapor pressure es at each ¢grid
) point from an integrated form of the Clausius-Clapeyron
K
. equation. According to Hess (1959),
)
L 1 1
: ec = 0.611 exp (& (=— - <)) (2.4.6)
s PR, VT, T ’
where To is a constant of integration. Knowing the
j saturation vapor pressure, Lhe saturation mixing ratio s
s 50
o
L4
o

' * . P -~ - 7 - - - - P - o . . o - . - - .
L T e P e N T P SR L e e T . RS
P IR S R T T SR T U I TP S P R ST S e

- " I TR Tk ALY, S e h e s e TR ISE TR IROIE Sb. SO N W Sk SRR RN




R e L PR T N R P L T P J P SR P N R S Sl T T T L
- ‘. .u -~ ‘- R - ' d- - - ~- _- .- .- - _- > . , ‘q J'. W - .-v .- '- - ‘w _§. ~ll » - - .h - .k .l . f. - -‘ .b- ‘-
(LAY FTRR LT A, . S, Sy T P, Syl Py A I S S T, T 0, 0, VAL A S L L S R S S DS T SR S AL SR

obtained from the approximate relation {Haltiner and Martin,

1957).

qs=—n—'6—§g~—°3-— . (2.4.7)
Knowing the potential temperature at t = 0 from (2.4.1), it
is possible to calculate qs at each point using equations
(2.4.6) and (2.4.7). Defining q to be a givern fraction of
qs allows the testing of atmospheres with different initial
relative humidities.

The initial conditions described 1in previous sections
will be constrained by a simulated tropopause that is
centered at about 300 mb level. The simulation is
accomplished by using a reference temperature, Trer, at
about the midpoint of the horizon*tal scale and calculating
temperatures such that a tropopause with the expected
variation in height 1is determined and a zero vertical
temperature gradient is achieved in the lower stratosphere.

A reference temperature, Trer, is computed using (2.4.1)

Tref = 215 + a (72—) arctan (sinh ay) (—BQ-—;;ECEL)K . (2.4.8)

When the temperature in each column reaches this reference
temperature, it is held constant at that value, as expected
in the 1lower stratosphere. The temperature is then

converted to potential temperature.
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III. NUMERICAL EXPERIMENTS AND RESULTS

In this chapter two groups of numerical experiments are
carried out to simulate the midlatitude and subtropical
situations, respectively. For each group, the Coriolis
parameter and initial temperature sounding are fixed, but
the amount of the initial relative humidity and surface
fluxes of momentum, mixing rétio and sensible heat are'
varied. The purpose here is to describe the structure
differences due to the difference in latitude, relative
humidity and surface fluxes. The discussion of the results,
which focuses on the development of the low level jel, is
given in Chapter 1IV.

We will first give the parameter ranges used in the
experiments (in Section A), and then describe the numerical
results of the midlatitude (Section B) and subtropical
(Section C) cases, respectively. As mentioned in the
Introduction, the main purpose for all numerical experiments
is to obtain a quasi-steady solution. However, it is also of
interest to follow the time evolution of the frontogenesis
process to see how the quasi-steady states are developed.
Therefore, in each group the evolution for a "typical case"
is shown. It turns out that these evolutions provide useful
insights about the different nature of the effect of cumulus

convection in the midlatitude and subtropical cases.
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A. EXPERIMENT CASES AND PARAMETERS

[ The following values are used for the constants in this

study:

g = 9,81 ms2

Cp = 1003 joule/kg/°K

R = 287 joules/kg/°K

K = R/cp

Ry = 461 joules/kg/°K

L = 2,5 x 108 joules/kg
¥L = 5%/kn

(%)pm = - 0.53448°K/cb

Po = 100 ch

Pm = 55 ¢b

Am =Aqg=A =3 x 10" m/s
Km = Kq = K = 0.0007 cb?/s
At = 270 sec

Ay = A0 km
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Each experiment is designated by a three-letter case

name as follows:

y LRF
Y
E where L defines the latitude environment.
1, L = M refers to a midlatitude environment, with the
’ following parameter settings:
a. f = 1.06 x 104 s-1 (corresponds to 46°N);
b. initial vertical. potential temperature
: distribution given by a typical midlatitude
sounding (Fig. 3.1)
B c. initial meridional temperature variation is
: given by a = 8°K; and
: d. large—-scale deformation fields given by D =
* 1 x 10-5 s-1.
? 2. L = 8 refers to a subtropical environment, with the
E following parameter settings:
' a. f = 0.558 x 10-4 s-! (corresponds to 22.5°N);
) b. initial vertical potential temperature
distribution given by a typical subtropical
sounding (Fig. 3.1);
. c. initial meridional temperature variation is
? given by a = 4°K; and
' d. large-scale deformation fields given by D =
y 0.5 x 10-5 s-1.
X 54
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3. R defines the relative humidity:

a. R 6 means R.H.=60%; and

b. R 9 means R.H.=90%.

The observed low~level relative humidi‘y in the vicinity
of a Mei-Yu front varies between 60% - 90% (Chen and Tsay,
1978). When the Mei~Yu front is north of the Yantze River (a
midlatitude situation) the minimum R.H. is about 60%. When
it 1is located over Taiwan andv southeastern coast of the
Chinese mainland the maximum R.H. is near 90%.

4. F defines the surface fluxes:

a. F = 0 means there is no surface fluxes of heat,
moisture, and momentum; and

b. F = 1 means surface fluxes of heat, moisture and
momentum are included.

Typically, the fluxes are large when a subtropical
portion of the front is over a warm sea surface. When the
front 1is moved over 1land in the midlatitude cases, the
fluxes are normally weaker with the exception of momentum
fluxes. For self-consistency, the fluxes of all quantities
will either be included or excluded in the numerical
experiments. For all cases, the 1initial 2zonal wind 1is
calculated from the potential temperature distribution using
the thermal wind, and the initial v component of ‘the

velocity 1is set to zero.
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B. MIDLATITUDE SIMULATIONS

1. Typical Midlatitude Case (MB60)

The midlatitude case of MB0 with an initial R.H.=60%
and no surface fluxes describes the development of the front
in detail. The potential temperature and mixing ratio at
t=0 are shown in Fig. 3.2a, and the zonal velocity at t=0 is
shown in Fig. 3.2b.

Fig. 3.3 depicts the dévelopment of the potential>
temperature and mixidg ratio fields. The horizontal
gradient of both fields increases steadily through the first
two to three days as a frontal structure develops near 42°-

430, The maximum surface temperature gradient nearly

.triples (from the 2°K/degree latitude to about 6°K/degree

latitude), while the maximum surface mixing ratio gradient
increases nearly ten-fold (from about 0.5 g/kg/degree
latitude to about 5 g/kg/degree latitude). This midlatitude
mixing ratio gradient 1is about twice as strong as that
observed in a subtropical Mei-Yu front by Chen (1978) as
shown in Fig. 1.4b, and the average mixing ratio is lower
(8 g/kg versus 11 g/kg). The axis of maximum mixing ratio
exhibits a conspicuous poleward vertical tilt from 41° at
the surface to 48° at 8 km. This poleward vertical tilt
with a slope of approximately 1.1:100 agrees well with the
typical midlatitude fronts (Byers, 1974). The tilt is
slightly stronger than that observed in the subtropical Mei-

Yu front (slope 1.3:100) as shown in Fig. 1.4b. The
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N development of the frontal thermal structure, including the
. concentration of the isentropes in the lowest 2 km and the
Tﬁ poleward tilt of the frontal zone from the surface to the
E upper troposphere, 1is clearly indicated in Fig. 3.4. In
‘ addition, a secondary maximum occurs in the upper |
‘E troposphere (6 - 8 km or 600 - 400 mb) near 50°, and a
«
;: reversed tilt and reversed gradient is present in the lower
« stratosphere. This stratosphe;ic structure is a result'of
E the imposed condition of a tropopause and is consistent with
.i previous results obtained by Williams et al. (1981).
. The vertical velocity field (Fig. 3.5) quickly
:E develops and becomes organized, with a concentrated upward
: motion of > -4.0 x 10-4 cb/sec occurring at day 2 in the
‘i lower troposphere near 43°., A poleward vertical tilt of the
; area of upward motion develops and becomes more obvious with
ﬂ time. After day 4, a quasi-steady state clearly delineates
’ both the upright maximum rising motion centered at 43° to
; 44° in the lower-middle troposphere and the vertical tilt,
: which is well represented by the w=0 line poleward of the
maximum rising motion.
j A very small area with a secondary maximum 1in
? vertical velocity appears at day 2 near the surface ahead of
. the front (41°). This represents the effect of the forcing
; by the Ekman layer structure of the mean flow, as was
N discussed by Williams et al. (1981). Because this area is
very close to the surface, it does not cause condensation
57

[
e S T e e et ‘.\-'...-,'.._'.‘ REERIRI
LA I IR I S, |




e
R [
RAEAE AL AR ‘-{{a I

& A

S LS

NI g N
P a4

N )
e e

»

»

.’

K

R WA R

..' oo, q..l .

: )/k’k’% i
‘..

and latent heat release even in the highly moist cases
discussed below.

The initial zonal wind (Fig. 3.2b) is in geostrophic
balance with the temperature field, with an upper
tropospheric westerly maximum of ~55 m/s and a surface
easterly maximum of -25 m/s. The pattern is almost
symmetric with respect to 46° latitude. As the integration
proceeds (Fig. 3.6), asymmetriés develop and a ;trong sheaf
begins to appear at day 1.0 below 6 km. The shear quickly
reaches a steady state with a frontal structure which tilts
from 42° at the surface towards 45° at 4 km. This is in the
same vicinity as the ®w =0 line and the frontal zone that is
defined by the potential temperature and mixing ratio
gradients. At the latitude of the surface front, a local
westerly maximum develops near z=4 knm. By day 2 (Fig.
3.6b), this narrow westerly regime penetrates downward and
appears to be an intrusion into the lower tropospheric
easterlies. It remains in the 3-4 km layer through day 4.
Although the magnitude of westerly wind in this narrow zone
is small, the poleward meridional shear 1is large, which
results in a vorticity in this region that is comparable to
the values near the upper tropospheric westerly jet. The
development of this narrow westerly regime is a result of
the intensifying meridional temperature gradient which 1is
forced by the frontogenesis process in the lower

troposphere. Development of this zonal velocity field 1is
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also dramatically illustrated by the evolution of the

relative vorticily (Fig. 3.7). The 1initial flow pattern
develops rapidly into a quasi-steady state frontal structure
after about two days. Maximum cyclonic vorticity in the

lower troposphere is concentrated on the warm side of the

front. To illustrate the vertical structure of the
horizontal wind shear with that of the horizontal
temperature gradient, 986/ dy =. -29K/100 km for day 4 i§
plotted in the vorticity figure. A coherent vertical tilt

of the frontal structure is obvious.
2. Other Midlatitude Cases
The effects of varying the initial relative humidity
(M90), and the inclusion of surface momentum, heat and
moisture fluxes (M6l and M91) are 1illustrated by the
resulting structure at day 4 (Figs. 3.8-3.12). In addition,
the precipitation and heating rates are also shown in Figs.
3.13 and 3.14, respectively.
a. Effect of Moisture
(1) No Surface Flux Cases (M60 vs. M90)
It is clear that the initial R.H.=90% case
(Fig. 3.8b) has higher mixing ratios in general and a warmer
upper troposphere between 40°-50° (best represented by
comparing the 6=3509K 1line). The higher temperature is a
result of a larger latent heat release in the frontal region
due to the increased moisture content, as can- be seen by

comparing the precipitation rates (Fig. 3.13). The
. 59
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meridional potential temperature gradient in the surface
front for the R.H.=90% case is also stronger (Figs. 3.9a
versus 3.9b). The frontal zones as defined by the region
968/3y < -0.02°K km1! are quite similiar in width and
vertical tilt. Above the surface front position (~42°), the
mixing ratio in the R.H.=90% case (Fig. 3.8b) also shows a
significant small scale structure with a wavelength near 2 vy
in the 2-7 km layer. This struéture is much less evident in
the R.H.=60% case (Fig. 3.Ba). This small scale structure
is near the region of maximum rising motion above the
surface front position. The stronger vertical velocity for

the R.H.=90% case (maximum rising motion > 6x10-4 cb/s

versus 4x10-4 cb/s for the R.H.=60% case) is consistent with
the stronger cumulus convection. This convection arises
because of the existence of conditional instability which is
due to the prescribed 90% relative humidity. The cumulus
convection activity appears to cause the small-scale
variations in the mixing ratio field.

In addition to a larger maximum, the
vertical velocity of the R.H.=90% (Fig. 3.10b) case also
displays a more complex structure, with two concentrated
regions of rising motion. The primary region near 42°-43°
extends throughout most of the depth of the troposphere from
about 1 km to 11 km. The secondary region occurs in the
middle-upper troposphere (5-11 km) just poleward of the

primary region at about 44°. In addition, a third,
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relatively weak, maximum upward motion occurs farther
poleward near 47°. This structure 1is referred to as a
multi-band, slanted rising motion in later discussions. This
multi-band structure in the vertical wvelocity may be
compared to some of the observed multi-band structure of
cloud and precipitation associated with cold fronts during
the period of CYCLES (CYCLonic Extratropical Storms) Project
(Parsons and Hobbs, 1983). A

As may be expected, the stronger warm core
and stronger convection of the R.H.=90% case is related to a
larger 1latent heat release. In Fig. 3.14, the heating
distribution generally, resembles the rising motion field
(Fig. 3.10). This is consistent with a near balance between
adiabatic cooling and diabatic heating. The R.H.=90% case
{Fig. 3.14b) has a maximum heating rate of >6 °K/day, which
is much higher than the 1 °¥X/day rate of the R.H.=60% case
(Fig. 3.14a). This six-fold increase in heating is
consistent with the increase in precipitation rate shown in
Fig. 3.13. The greater production of kinetic energy implied
by the stronger rising motion of warm air gives rise to a
more intense horizontal circulation (Figs. 3.11b versus
3.11a). The upper tropospheric westerly jet (Fig. 3.11b)
reaches a maximum of > 50 m/s (versus the > 35 m/s for the
R.H.=60% case) near 52°, which is two degrees poleward of
the jet core of the R.H.=60% case. A small region of weak

easterlies that develops equatorward of the westerly jet is
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60% case. It is to be recalled

not observed in the R.H.

here that these¢ are perturbation wind fields; the basic flow
is westerly throughout the upper troposphere. The
distribution of the perturbation zonal wind is consistent
with an anticyclonic circulation above the warm core that is
due to heating. The existence of this easterly regime

limits the middle-upper tropospheric westerlies to poleward

of the surface front position, and makes the middle
tropospheric westerly regime appear as a narrow jet-like
structure that penetrates downward to below z=3 km. The

resultant low level westerly regime is sharper and more
extensive than that of the R.H.=60% case.

On the other hand, the strength of the
surface easterlies of the M60 and M390 cases is very similar.
This 1is probably because most of the impact of a higher

relative humidity is in deep cumulus convection, with the

resultant increased latent heat release occurring mainly

in

the upper and middle troposphere, as shown in Fig. 3.14.

The maximum cyclonic

vorticity is

concentrated within the frontal 2zone in both the upper and

the lower troposphere for both cases (Fig.

3.12a versus Fig.

3.12b). The stronger horizontal circulation in the upper

troposphere for the R.H.=90% case is also evident in the

vorticity field.
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. (2) Surface Flux Cases (M6l versus M91)

' When surface fluxes of momentum, moisture
and heat are present, the differences between the more moist
(R.H.=90%) and the drier (R.H.=60%) cases are basically
similar to those between the no-flux cases. The R.H.=90%
case has a warmer upper tropospheric core, as represented by

v the decrease of height of the 6 =350°K line, anrd again has
the small-scale wvariation in .mixing ratio 1in the rising
motion region over the surface front location (Fig. 3.8d
versus Fig. 3.8c¢). The meridional potential temperature
gradient 1is stronger for case M31 than for case MBl1 (Fig.
3.9d versus Fig. 3.9¢). The maximum upward motion,
precipitation and heating rate are much larger for M91 than
for M61 (Figs. 3.10, 3.13 and 3.14). Stronger wind
circulations (Fig. 3.11d versus Fig. 3.11lc) are shown in the
R.H.=90% case. The c¢irculation includes a more intense
westerly regime of > 50 m s-! in the upper troposphere, the

development of a narrow easterly regime equatorward of it,

and a deeper downward extension of the upper westerlies into y

the low-level easterly jet. The differences in the

magnitudes of vorticity (Fig. 3.12d versus Fig. 3.12c¢c) are

similar to other fields with much stronger cyclonic

vorticity within frontal zone for the R.H.=30% case.

- It is to be noted that the small-scale
variations in all fields for the case with high mixing ratio

and surface fluxes (Fig. 3.8d-3.12d) exist near surface to
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the north of front. As can be seen in Fig. 3.15, this is
the cold air region where the sensible and latent heat
fluxes are large and apparently cause a shallow layer of
conditional instability.

On the other hand, there is one noticeable
difference between the comparisons of the with-flux cases
and those of the no-flux cases. The multi-band vertical
velocity structure 1in the no;flux (R.H.=90%) case (Fig!
3.10b) is not as conspicuous in the with-flux (R.H.=90%)
case (Fig. 3.10d). However, a weak secondary maximum region
does appear in the latter near 7 km at 46°, which indicates
a double-maximum structure and a poleward tilt in the
vertical structure. The physical implication of this
slantwise structure in the wupward motion field will be
discussed later in Chapter 4.

b. Effect of Surface Fluxes
(1) R.H.=60% Cases (M60 vs. M61)

The inclusion of surface fluxes (Figs. 3.8a
and 3.8c¢c) does not lead to any discernible differences 1in
potential temperature and mixing ratio distributions, except
the mixing ratio isolines at the surface have been spread
towards cold air when surface fluxes are included.
Comparison between Figs. 3.9a2a and 3.9c shows that ‘the
surface meridional potential temperature gradient for the
case with fluxes substantially weakens, although the general

paltern delineating the frontal zone remains the same.
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E These reductions in the potential temperature and mixing
ratio gradients at the surface are due to ‘the distribution
) of the surface fluxes given by the bulk formula, which
> provides larger heat and moisture fluxes poleward of the
surface front in the cooler and drier region (Fig. 3.15),.
The inclusion of surface fluxes causes a

slight 1increase in the vertical velocity (Fig. 3.10a and

3.10c?}. This 1s expected since more latent heat release
- occurs with the increased supply of heat and moisture from
below, as shown in the comparison between Fig. 3.14c and

Fig. 3.14a. Since the resultant upper tropospheric

N4

temperature 1is not higher (Figs. 3.8a and 3.8c¢), the

additional latent heat release in the area of rising motion

O A

is compensated almost entirely by the increased adiabatic

cooling associated with the stronger upward motion.

» 0" 4" a8 0
a4 4 2 ¢ &

Increased conversion of available potential

energy, as implied by the in-phase relationship between the

P A

vertical velocity and potential temperalure fields, leads to

»
.

a stronger upper tropospheric jet (40 m/s versus 35 m/s in
the no-flux case) (Figs. 3.11a and 3.1lc). On the other
hand, a decrease of the surface easterlies from 40 m/s to
30 m/s occurs due primarily to the dissipation by the
momentum flux transfer. The maximum easterly Jjet core is
raised to a level slightly above the surface, and the

strength and extent of the narrow lower tropospheric
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:E westerly region appear to be slightly reduced for no-flux
case.

?: Near the surface, the cyclonic vorticity

Eé decreases in the with-flux cases (Figs. 3.12a and 3.12c).

% This indicates that the weakening of the easterly maximum
and thermal gradient of the front at the surface does lead
to a corresponding reduction in the horizontal wind shear in
the lower troposphere. ‘

(2) R.H.=90% Cases (MY0 vs. M91)

?i Similar results due to inclusion of the

'? surface fluxes are obtained in the comparison between the

*

;: with-flux and no-flux cases for R.H.=90% as in the R.H.=60%

LS

E; cases:

?ﬁ 1) The difference. in the distribution of potential

SE temperature and mixing ratio is not discernible,

‘a except near the surface to the north of front (Figs.

i 3.8b and 3.8d);

Eﬁ 2) At the surface, the inclusion of moisture and heat

.E: fluxes weakens the meridional gradients of mixing

:? ratio (Figs. 3.8b and 3.8d) and potential

?% temperature in the frontal zone (Figs. 3.9b and

i 3.9d) because of the stronger fluxes in the cooler

t and drier regions;

f? 3) The surface momentum transfer leads to a weakened

o

-
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) surface easterly maximum (Figs. 3.1lb and 3.11d),

-\ with the easterly jet core occurring slightly above

} the surface;

g 4) The inclusion of surface fluxes causes a stronger

; and more concentrated vertical velocity (Fig. 3.10)

; and heating rate (Fig.3.14) in the frontal zone, so

é that the wupper tropospheric westerly wind, the

- westerly regime in the ﬁiddle and lower troposphere

\3 above the surface front are stronger, and the

‘5 meridional wind shear in the lower troposphere is

.: weaker (Figs. 3.11lb and 3.11d and 3.12b and 3.12d);

': and

“

;; 5) For R.H.=90%, the multi-band structure in vertical

| velocity (Figs. 3.10b and 3.10d), for the with-flux
kf case is less conspicuous than that for the no-flux

y

v case, as was noted earlier. i

K-

C. SUBTROPICAL SIMULATIONS

- 1. Typical Subtropical Cases (S90)

‘? To examine the time evolution of subtropical
experiments, the case of $90 (initial R.H.=90% and no
surface fluxes) is chosen as the "typical subtropical case".

v The 1initial potential temperature and mixing ratio are

3 depicted in Fig. 3.16a and the zonal velocity is shown in

ﬁ Fig. 3.16b. The choice of the typical subtropical case 1is

b wotivated by an intention to represent the major differences

3. 67
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between the mean midlatitude atmosphere and the mean
subtropical atmosphere during the Mei-Yu season. The mean
subtropical Mei-Yu environment 1is conditionally wunstable
with a R.H. around 85%. Furthermore, during intense
convection periods when a LLJ is usually observed, the R.H.
is around 90% or higher (Chen and Tsay, 1978). While these
intense episodes are local and transient, and therefore
cannot be properly studied by' the present two—dimensionai
model, they are the only periods when the LLJ is clearly
defined. Therefore, the somewhat higher value of R.H.=90%
is chosen so that 1its results may also shed light to the
situations when an intense LLJ is developed. In this view
the "typical subtropical case"‘ may also be considered to
represent the "typical intense LLJ case."

As in the typical midlatitude case, the large-scale
deformation forcing causes an accumulation of the potential
temperature and moisture 1isolines to result in a frontal
structure. However, the approach towards a quasi-steady
state is slower. Furthermore, all fields develop

significant small-scale variations on the equator side of

the front. (For example, see¢ the potential temperature and
mixing ratio fields shown in Figs. 3.17a,b). These
variations, which are similar to those in the strong

convection cases of midlatitude experiments, are apparently
a consequence of intense cumulus convection in the model

resulting from the very moist and unstable atmosphere.

68

P

TSl e L R A R P N N E PO o S 10 R I e O




It should be noted that once the

initial vertical
8e profile 1is set from the temperature sounding and
relative humidity, it will remain fixed in time at lateral
boundaries. Since a conditionally unstable profile occurs
in the 1lower 1latitude regions (because of the initial

> potential temperature and mixing ratio distribution), the

instability will persist on the equatorward boundary

regardless of convective adjus£ment in the interior. This
slower development into a quasi-steady state is probably due
to two factors: the weaker large-scale deformation forcing
(D=0.5x%10-5s-1!) prescribed for the subtropical cases and the
3 presence of strong conditional instability which implies
more prominent cumulus convective activity.

The small-scale features also dominate the vertical
velocity field such that the frontal structure is obscured
-; by high frequency oscillations. To remove these small-scale
- oscillations, all the subtropical experiments fields are
subjected to a daily average over 32 outputs at 45 minute
intervals. Two other alternatives were considered: to
increase the control of large-scale forcing, or to decrease
o the initial relative humidity. However, both approaches
will reduce the contrasts between the midlatitude and the
subtropical <cases especially those cases with <clearly
; defined LLJ, which is one of the main objectives of this
' study. Therefore, it was decided that the differences

between the midlatitude and subtropical conditions should be
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kept as large as possible to identify the wunderlying
dynamics of the development of the LLJ. Intermediate cases
with R.H.=70% and 80% will also be run to ascertain the
physical significance of the intensively convective R.H.=90%
cases.

The daily averéges of the potential temperature and
mixing ratio, and the meridional potential temperature
gradient for days 2-5 are shoﬁn in Figs. 3.18 and 3.19,
respectively. Here each "day" represents the average of the
previous 24 hours (i.e., day 5 is the average between 96-
120 h). In these diagrams, the small-scale features have
g been filtered out, and the development of the frontal
23 structure is clearly evident. The surface mixing ratio
gradient and range agree reasonably well with Chen’s (1978)
observations (Fig. 1.4b).

4 The meridional potential temperature gradient also
evolves into a frontal structure near the surface around 16°
after 4 days (Fig. 3.19). The tilt of the frontal zone is
- similar to the midlatitude case (Fig. 3.4), but the well-

defined frontal zone is confined to the lower troposphere.

'l
1y 4y

- Chen and Chang’s (1980) comparison between different

.
.
.

segments of an elongated Mei-Yu front that extends from the

«
PR
AN SN

subtropical southern China to the midlatitude central Japan.
They observed that the subtropical segment of the front has
less vertical tilt and is shallower than the midlatitude

segment. These differences were attributed to the stronger
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convection in the subtropics. It will be shown later that
in the subtropical with-flux case (S91) the tilt is indeed
less while the vertical exfent remains shallow.

By day 2, the concentrated rising motion (Fig. 3.20)
develops in the equatorial latitudes and then moves poleward
towards the area of maximum deformation forcing. At day 3,

the maximum rising motion is at 162 with a magnitude

~17%x10-4 cb/sec. After day 4, it shifts to 18° and the

maximum decreases to 4-5 x 101 c¢b/sec. This is the process
for the model to develop the Mei-Yu front from an initial
zero—perturbation state. In the real atmosphere, the
process is much slower, where the monsoon trough, which is
develbped over a seasonal time scale, is already in place
when the front moves 1into the Mei-Yu position from the
north. The development of a slanted structure in the lowe}
(z=0-3 km) and upper parts (5-10 km) of the concentrated
rising region is evident. The slanting is northward with
height, in the same sense as the slope of the frontal
surface. The multi-band structure is not clearly seen in
the 24-h averaged vertical velocity field but 1is more
clearly visible when instantaneous (not daily—averaged)
vertical velocity fields are examined. An example is given
in Fig. 3.21, which is the instantaneous vertical velocity
at the time-step of day 4.5. .

The evolution of the zonal wind is illustrated in

Fig. 3.22. The ¢gross structure of an upper tropospheric
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westerly jet, poleward of a lower tropospheric easterly jet
with a maximum at the surface, roughly resembles that of the

typical midlatitude case (M60, Fig. 3.6). However, there

are significant differences. The subtropical westerly jet
core is lower (at 10 km), shallower and wider in the
meridional direction. These features are different from

what would be expected for the mean polar front Jjet and
subtropical jet. Compared to Chen’s (1978) observation of é
subtropical Mei-Yu case (Fig. 1.4a), the jet core is lower.
The reason for the lower jet core (at 10 km versus 12 km in
Fig. 1.4a) 1is apparently the fixed tropopause which is
imposed by the mean sounding at 10 km. In an intense Mei-Yu
period, the deep convection and the tropopause are a couple
of kilometers higher, where the jet maximum is also located.
On the other hand, the meridional extent of the simulated
westerly regime and that observed are comparable. A
significant easterly regime occupies the entire tropical
upper troposphere and caps a westerly regime in the tropical
lower troposphere. In Fig. 1.4a, the observed zonal wind is
also easterly in the upper level tropics, although the area
is somewhat higher and more equatorward than the simulation.
The imposed tropopause in the model is again the reason for
this difference.

Within the tropical low-level westefly regime 1is a
remarkably strong and narrow jet structure centered at 2=3

km at the latitude of maximum rising motion. This low level
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jet first appears at day 2 with a magnitude ~5 m/s. It
develops to > 10 m/s at day 5. In terms of the relative
position with respect to the front, this low level jet is
similar to the 1local 1lower~tropospheric westerly regime

simulated in the midlatitude cases, but the intensity is

much stronger. This intensity agrees reasonably well with

the observed LLJ strength in Fig. 1.4b, especially when the

addition of a mean westerly is considered.

The strong horizontal wind shear that develops
around the frontal zone is shown in Fig. 3.23. Compared to
Fig. 3.7, this subtropical case has a deep lower
tropospheric shear zone that extends into the middle
troposphere, and its magnitude poleward of the low level jet
significantly exceeds that of the upper tropospheric
maximum. The slope of the frontal shear 2zone is again
larger (less vertical tilt) in the subtropical case than in
the midlatitude case (Fig. 3.7), at least in the lower
troposphere. In Fig. 3.23d, a region of strong negative

relative vorticity exists above the surface front near

10 km, which indicates the possibility of inertial
instability. This 1is the consequence of the intense
convection and may not be physically realistic. It is not

known whether this instability contributes to the small-
scale variations.
To demonstrate that the five-day integration gives a

reasonable quasi-steady state, the averages of each field
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over the first five days of integration was used as the
initial conditions for another integration of 120 h. The
results of potential temperature and mixing ratio,
meridional potential temperature gradient, vertical velocity
and zonal wind for the (daily averaged) new day 5 are shown
in Fig. 3.24a-d. These fields are similar to those of the
original daily averaged at day 5 (Figs. 3.18, 3.19, 3.20 and
3.22). This result indicates tﬁat the daily averaged field§
are stable in time, in spite of the presence of small-scale
variations and possible inertial instability.

The subtropical frontal positions as indicated by
the various fields are farther equatorward from the central
axis of deformation forcing than that of the midlatitude
cases. In the midlatitude case, the central axis of
deformation is at 46° and the frontal structure near the
surface develops at about 42°. 1In the subtropical case, the
axis of deformation is at 22.5°, while the surface frontal
zone 1is near 169, This increased distance apparently
reflects the effect of the smaller Coriolis parameter which
leads to a relatively larger ageostrophic secondary
circulation around the frontal zone. The advection by the
lJower branch of this enhanced secondary circulation tends to
move the surface front farther equatorward. In addition,
the effect of a possible secondary circulation south of the

front, that is induced by the strong convection, may also
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contribute to the more equatorward position of the surface

front.

2. Other Subtropical Cases

As in the midlatitude experiments, the effects of
varying the initial relative humidity and surface fluxes are
studied by running three additional subtropical cases (S60,
$S61 and S91). The resultant structure at day 5, averaged
over the preceding 24-h periad, for all four subtropicai
cases are shown in Figs. 3.25-3.29. The precipitation and
heating rates are shown in Figs. 3.30-3.31. In these cases,
no significant small-scale variations are present, so the
averaging 1s unnecessary. Nevertheless, it is done to make
the analysis procedure of all subtropical cases consistent.

a. Effects of Moisture

Panels a and b in Figs. 3.25-3.29 are for S60
(R.H.=60%, no-flux) and SS90 (R.H.=90%, no-flux) cases,
respectively. The R.H.=60% case (Fig. 3.25a) has a less
intense moisture front throughout the lower troposphere.
The poleward vertical tilt of the maximum mixing ratio
gradient is about the same as in the R.H.=90% case (Fig.
3.25b). However, the curvature near the axis of the
maximum mixing ratio does not appear as sharp as in the
R.H.=90% case due to the drier air and weaker gradient. The
short- wave featufe in the middle troposphere over the
surface front position is not as inlense as in the R.H.=90%

case, but it is still very notable, which indicates the
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presence of significant cumulus convection. As may be
expected, the R.H.=60% case has a lower temperature in the
upper troposphere (Figs. 3.25a and 3.25b). The small-scale
variations near the surface in the cold air (Fig. 3.25d-
3.27d), as seen in midlatitude cases, evidence the shallow

layer of conditional instability caused by surface heat

fluxes. The conditional instability can be examined further

by calculating the 6. field wﬁich will be shown later in
Fig. 4.6 (midlatitude cases) and 4.7 (subtropical cases).
The weaker meridional potential temperature gradient in the
frontal zone can be seen by comparing Figs. 3.26a and 3.26b,
both of which also show less small-scale features elsewhere
in the domain. The vertical tilt of the frontal 2zone is
somewhat larger and the frontal zone extends to a slightly
lower height at the poleward boundary.

The vertical velocity of the R.H.=60% case (Fig.
3.27a) has a concentrated zone of rising motion in the lower
and middle troposphere, but the magnitude is less than in
the R.H.=90% case.

The zonal wind of the R.H.=60% case 1is much
weaker than in the R.H.=90% case (Fig. 3.28a versus Fig.
3.28b). The wupper tropospheric westerly jet maximum of
< 25 m/s is only about 70% of the > 35 m/s magnitude of the
R.H.=90% cése. This is consistent with the expected
difference in the energy conversion between the two cases,

as the heating rate and the upward motion {(which correlates
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almost completely with the heatin)g of the warm air is
stronger for the R.H.=90% case. The former is also situated
more equatorward. The low-level westerly jet structure
still persists, but the magnitude is reduced by half. The
upper tropospheric easterly regime almost disappears, and
the surface easterly maximum is only reduced slightly (Fig.

3.28a and Fig. 3.28b). These features alsoc appear in the

comparison between Figs. 3.29a and b, which primarily

indicates a significant reduction of wupper fropospheric
horizontal wind shear.

When fluxes are included, the comparison between
the R.H.=60% (S61) and R.H.=90% cases (S91) [panels ¢ and d
in Figs. 3.25-3.31, respectively] vyields similar results.
In general, the meridional temperature and mixing ratio
gradients and the zonal wind are stronger in the R.H.=90%
case.

The subtropical R.H.=90% cases are included to
study the intensely convective Mei-Yu situations when the
LLJ is fully developed. However, the high initial moisture
and the subtropical sounding make the atmosphere highly
conditionally unstable. The resultant high frequency, small
scale variations are removed by the 24 h averaging. Even
though the averages remain stable for extended integrations,
a question may still be asked as to whether the results are
not distorted seriously by the small-scale variations.

Therefore, two intermediate with-flux cases, R.H.=70% (S71)
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and R.H.=80% (S81), are run to assess the physical

significance of the S91 case. Fig. 3.33 compares the 24-h

averaged zonal wind of all four subtropical, with-flux

cases. Here it can be seen that the pattern of all four
cases are similar. The midlatitude -upper level westerlies,
lower 1level <easterlies, tropical wupper —easterlies are

present in all cases, and the intensity of these features
increases systematically as thé initial.F.H. increases froﬁ
60% to 90%. The LLJ is indicated by a.very small area of
5 m/s in the ©S6l1 case (Fig. 3.33a), this area expands
considerably with increasing humidity. When the R.H.
reaches 90% (Fig. 3.33d), the jet maximum becomes > 10 m/s.
The similarity . in the structure, and the consistent
intensification of the circulation with increasing moisture,
indicate that the subtropical R.H.=90% results can indeed be
viewed as physically relevant to the strong LLJ situations.
b. Effects of Surface Fluxes

When surface momentum, heat and moisture fluxes
are included (Fig. 3.32), these important contrasts continue
to exist, as seen by comparing panels b and d in Figs. 3.25-
3.31. Similar to the midlatitude experiments, the addition
of surface heat, moisture and momentum fluxes 1leads to a
higher upper tropospheric temperature. This is apparently
due to the increased precipitation and the associated latent
heat release (Figs. 3.30 and 3.31), which are to be expected

from the increased sensible and latenli heat supply (Fig.
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3.32). A weaker potential temperature and mixing ratio
gradient at the surface (Figs. 3.25 and 3.26) is due to the
stronger surface fluxes of heat and moisture in the cooler
and drier region (Figs. 3.32).

The vertical velocity of the with-flux case
displays the stacked multi-band structure slanted upward and
poleward in the surface frontal zone (Figs. 3.27b and d).
Also, the magnitude of updraff is greater than in the no-
flux case. This 1is consistent with the precipitation and
heating rates (Figs. 3.30 and 3.31) and is due to the
additional moisture supply from the lower boundary (Fig.
3.32).

Comparisons between Figs. 3.28a and 3.28c, and
between Figs. 3.28b and 3.28d show the effects of surface
fluxes on the horizontal circulation, which are basically
similar to the results of the midlatitude experiments. When
fluxes are included, the upper tropospheric zonal winds,
including both the westerly jet and the 1less intense
easterly jet, are enhanced. The lower tropospheric westerly
jet near 3-4 km for the R.H.=90% case (Fig. 3.28d) also
intensifies. Due to the momentum dissipation at the surface
(Fig. 3.32), the surface easterlies weaken, and the jet core
is shifted slightly upward (Figs. 3.28b and d).

The comparisons of the surface fluxes and no
fluxes for the R.H.=60% cases (panels a and c of Figs. 3.25-

3.29) basically illustrate similar results.
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D. SUMMARY OF THE RESULTS
The results of the foregoing numerical experiments may

be summarized as follows:

1) In the midlatitude case, the zonal velocity field is
dominated by a westerly regime occupying almost the
entire upper troposphere and an easterly regime
occupying the lower troposphere. On the other hand, in
the subtropical cases, the zonal flow equatorward of the
front tends to reverse, with expansive easterlies in the
upper troposphere and weak westerlies in the lower
troposphere. A small regime of easterlies develops in
the midlatitude upper troposphere only in the high-
humidity cases.

2) At the latitude of the maximum rising motion, a narrow
westerly wind regime occurs in the lower troposphere.
In midlatitude cases, it appears as a small downward
(and equatorward) penetration of the upper tropospheric
westerlies. In the subtropical cases, it exists

distinctly as a well-defined, westerly maximum similar

0y

W

20ty

to the low-level jet.

o

3) The poleward tilts of all fields except vertical

velocities are more prominent in the midlatitude cases

1 22

KA

are either comparable or stronger than in the
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: subtropical cases. The frontal zone also extends higher

p

- in the midlatitude cases. These are in agreement with

; observations (e.g., Chen and Chang, 1980).

E 4) The 1inclusion of higher initial humidity values or of
surface fluxes tends to give stronger vertical velocity

N and upper tropospheric zonal winds. This is a result of

stronger cumulus convection and precipitation whose

latent heat release provides more energy input to the

LN

\‘ .-.

upper troposphere. At lower levels, the easteries weaken

Y

as a consequence of the momentum dissipation at the

y DY
oA

surface.

v
[ R}

5) When the vertical velocity 1is intense, a multi-band

Sl

structure often appears. It is characterized by more

N /o {-

than one concentrated updraft region, stacked closely to

~ each other along the poleward slanted frontal surface.

* The stronger updraft is situated equatorward and has a
larger vertical extent.

6) The frontal zone develops equatorward of the dilation

axis of the large-scale deformation forcing. In the

. midlatitude cases, the frontal zone is closer to this

- axis (about 4° latitude separation at the surface),

3 while in the subtropical cases the separation is greater

o {about 5-6°9) at the surface. This is apparently a result

of the smaller f and, therefore, a relatively larger

- ageostrophic wind which advects the surface front

. farther equatorward. In addition, the effects of the

- 81




g& convection—-induced secondary circulation may also
1

contribute to the more equatorward position of the

P
a8 Ny

surface front.

SN

In the ensuing section these numerical results will be

E
. A A

discussed in relationship to the development of the low-

level westerly jet.
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IV. MECHANISM FOR THE LOW LEVEL JET (LLJ)

The previous section shows that a low-level westerly
regime tends to develop in the frontal zone due to the
intensifying meridional temperature gradient in the
lowest few kilometers. In many of the subtropical cases
this low-level westerly regime actually develops into a
low-level jet whose height of 2;4 km is in good agreement
with the levels (800-600 mb) of the observed low-level
jet (Chen, 1977; 1978). The jet maximum of 10-15 m/s in
these subtropical cases is also in reasonable agreement
with observations.

In the Introduction, it was pointed out that there are
several theories for the development of the low-level jet
(LLJ). Since effects of terrain (Holtom, 1967; Wexler,
1961) and diurnal cycles (Blackadar, 1857) are not
included in the model, the related boundary-layer
theories cannot be treated in this study. Neither can
the theory of the downward transport of momentum by
cumulus convection (Masomoto and Ninomiya, 1969;
Ninomiya, 1971), because the convective adjustment used
in the present model does not include the
parameterization of cumulus momentum transport.

The theory proposed by Uccellini and Johnson (1979) in
the study of midlatitude severe storms over the U. S. 1is

based on a wind-mass adjustment, whereby the secondary
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circulation forced by an upper level jet streak causes a
vertical coupling, which leads to the development of a
LLJ. In this mechanism, the LLJ will develop beneath the
upper level jet streak such that the two jets will be
aligned vertically and the axes will be perpendicular to
each other. Although the model-produced low-level
westerly maximum often appears (especially in the
midlatitude cases) as a down@ard extension of the upper
tropospheric.westerly Jet, the upper level jet is always
situated much too poleward of the LLJ core for wind-mass
adjustment mechanism to be effective.

In the present study, the LLJ in the subtropical
experiments is much better defined than in the
midlatitude experiments. Furthermore, in all cases when

the vertical motion is enhanced due to increased relative

humidity {therefore also enhanced conditional
instability) and/or surface fluxes, the low-level
westerlies become stronger. This is also true with the

development of the upper level easterlies equatorward of
the front, which also appears with small magnitudes 1in
the midlatitude experiments with higher relative
humidity. In all subtropical experiments, these upper-
level easterlies expand and dominate most of the upper
troposphere eauatorward of the front. These results
suggest that when the vertical motion above frontal =zone

is intense, a "reversed Hadley cell” exists equatorward
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of the front, with rising motion in the frontal region
and sinking motion further equatorward. Such an
overturning would provide an easterly Coriolis torque at
the upper-level equatorward flow and a westerly Coriolis
torque at the lower—level poleward flow, which may

explain the upper—level easterlies and the low-level

westerly Jjet. Indirect evidence of the "reversed Hadley

cell” to the south of LLJ may be found in an
observational study by Ninomiya and Akiyama (1974). They
found that moist air is located above the LLJ in the
middle and upper troposphere, but the air south of the
LLJ is fairly dry throughout the whole troposphere. This
is indicative of a large-scale subsidence south of the
front.

More evidence of this "reversed Hadley cell" is seen
in the temperature distribution of all cases in which
strong cumulus convection is indicated. For example, the
temperature in Fig. 3.18 (890 - the typical subtropical
case) increases equatorward throughout the troposphere
for the first day. Afterward, reversed meridional
temperature gradients begin to appear in the tropical
region, such that by day 5 the maximum temperature at any
level! in the middle-upper troposphere is near the frontal
zone. This situation is also apparent in Fig. 3.25 for
all subtropical cases. The reversed temperature gradient

to the south of the maximum upward motion has been




observed both in the Mei-Yu front (Chen and Chang, 1980)
and in the Baju front (Matsumoto et al., 1970; Ninomiya
y and Akiyama, 1970). Therefore, the equatorside "reserved
¥ Hadley cell” is actually thermally direct, with warm air

rising in the frontal zone and cool air sinking

A A

equatorward. Hence, this circulation can be maintained

and as well as continue to provide the upper-level

¥ u'n

easterly and lower—-level westerly accelerations.

The next question concerns the identification of the

—
D

main mechanism(s) for this equatorward overturning.

F

There appears to be three possible mechanisms:
[ 1) The secondary circulation normally associated with
the large-scale flow 6f a front;
2) The cumulus convection due to the conditional

instability, which can increase the latent heat

RN e

release and force an enhanced secondary

A

circulation;

3) The third possibility is based on the observation

> that the vertical velocity field of several of the
more intense cases exhibits a multi-band
structure. Each® of the rising branches is
X upright, and is stacked in a poleward slanting

configuration. In a way this structure resembles

Bty

the "slantwise convection" associated with

symmetric instability in a baroclinic atmosphere
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.:3 (e.g., Emanuel, 1985). This slantwise convection
may also be a relevant mechanism.
%£ To differentiate the last two mechanisms, the term
N "upright convection” will be wused to describe the
()
) basically single~band, vertically-oriented convection
N
;E which is normally associated with conditional
%E instability, and "slantwise convection”" will be used to
N describe the slanted and staéked multi--band structure
:it which resembles the convection predicted by the symmetric
E; instability theorv. Fig. 4.1 1illustrates schematically
i the differences among the three mechanisms.
-
_5: The meridional-vertical streamfunction is shown 1in
E; Figs. 4.2 and 4.3, for the midlatitude and subtropical
cases, respectively. For the midlatitude R.H.=60% cases
:&, {M60 and M61), the atmosphere remains statically stable,
ig and Figs. 4.2a,c indicate that the large-scale frontal
| secondary circulation consists of a single cell in the
_2} Hadley sense. When R.H.=90%, the initial sounding of the
%; midlatitude cases (M30 and M91) is conditionally unstable
.z in the lower latitudes. At day 4, both cases show a
iE small and very weak  "reversed Hadley cell"” in the middle
;ii lroposphere equatorward of the front. Apparently this
g cell is responsible for the small region of upper level
'§ eusterlies equatorward of the front. However, the modest
é cumulus convection through the release of conditional
W
<
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instability 1s not intense enough to force a strong
reversed Hadley cell that can develop a strong LLJ.

All the subtropical cases are initially conditionally

unstable. A larger and stronger '"reversed Hadley cell"”
is present in all cases (Fig. 4.3). This cell 1is
situated poleward and is more vertically confined for

the R.H.=60% case than for the R.H.=90% case with the

middle-level rising motion occurring poleward of the

surface front. This is the situation when the LLJ is
either ill-defined (S60 case, Fig. 3.28a) or rather weak
(S61, Fig. 28c¢c). When R.H.=90%, the reversed Hadley cell
is located more equatorward, is more intense and extends
throughout the vertical domain (Figs. 4.3b,d). The LLJ
is well-defined in this situation (Figs. 3.28b,d), and
clearly coincides with the concentrated poleward flow at
the 1lower branch of the reversed Hadley cell. The
cumulus convection is the strongest in these cases and is
apparently responsible for generating the intense
equatorside meridional circulation which, in turn, leads
to the development of the LLJ.

It is clear that the cross—-frontal secondary
circulation is different from the secondary circulation

equatorward of the front, and therefore it can not induce

the LLJ. However, the roles of upright convection and
slantwise convection fre not easy to distinguish. The
slantwise convection siructure is prescnt in both
121
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midlatitude (when the LLJ is not present) and subtropical
(when the LLJ 1is developed) cases. The slanting 1is
apparently related to the structure of the frontal
surface. Although the frontal forcing cannot, by itself,
directly cause the equatorward secondary circulation, it
exerts a strong influence on the environmental conditions
that affect convection. This may involve two mechanisms.
The first is the large-scale lifting of moist air. This
leads to either stable precipitation or a "CISK"
(Conditional Instability of the Second Kind) type
convection, where the low-level convergence is provided
by the frontal forcing. The second involves the creation
of conditions for symmetric instability. These conditions
occur when the vertical gradient of equivalent potential
temperature ( 8e) becomes negative along the surfaces of
pseudo-angular momentum, which is defined by the

following function (Emanuel, 1983a,b):
M =u+ fy.

In a symmetrically unstable baroclinic atmosphere,
slantwise convection occurs when there 1is a slantwise
displacement of an air parcel along a constant M surface.
Based on a diagnostic semi-geostrophic model, Emanuel
(1985) further showed that even in the presence of small
symmetric stability, frontal forcing can result 1in a

strong, concentrated, sloping updraft which is located
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ahead of the region of maximum geostrophic fronto-
genetical forcing. This possibility 1is supported by
Sanders and Bosart (1985) who reported observations of a
concentrated sloping updraft that resembles slant-wise
convection in a mesoscale precipitation band. The sloping
updraft remains even after the environment becomes
symmetrically stablized. Apparently the fronto—genetical
process can force the moisthupdraft along the sloped M-
surfaces where narrow convective bands can develop.
Thus, slantwise convection'may be expected in areas of
neutral or small symmetric stability when frontogenetical
forcing is present.

The evolution of 6e and the M-function for the
typical midlatitude and subtropical cases (MB0 and S90)
is shown in Figs. 4.4 and 4.5. In the midlatitude case,
the frontogenetical area is statically stable initially
and the M-surfaces tilt only slightly (Fig. 4.4a). As
the frontogenetical process proceeds, the frontal
structure develops and leads to a stronger tilt of the M-
surfaces in the highly-baroclinic frontal =zone. This
results in an area of near—-neutral symmetric instability
after day 1, although the area is limited to the lowest
troposphere. In the subtropical case, conditional
instability is present throughout the domain 1initially
(Fig. 4.5a). This condition continues until day 4 when

the frontal structure is developed (Fig. 3.19) and the
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frontal 2zone becomes stable in the upright convection
sense. As a result of frontogenesis, the M-surfaces tilt
more towards the cold air in the frontal zone. This
increased tilt leads to a <condition of symmetric
instability in a relatively deep 1layer between the
surface and 6 km in the frontal zone. As the convective

instability is eliminated, a slantwise convection

structure develops in the vertical motion field. It

appears that this structure is produced by the
frontogenesis forcing of moist updrafts along the sloped
M-surfaces, similiar to Sanders and Bosart’s {1985)
observations.

Distribution of day-5 Be and the M-function are
presented in Figs. 4.8 and 4.7 for the midlatitude and
subtropical experiments, respectively. In the R.H.=60%
midlatitude cases (MB80 and M61, Figs. 4.6a,c), static
stability remains positive and the area favorable for
slantwise convection is rather limited and is confined to
the lowest 2 km in the frontal zone. Thus, the secondary
circulation is almost entirely a result of the frontal
forcing.

Distribution of ©6. and the M-function are given 1in
Figs. 4.6b,d for the R.H.=90% midlatitude cases (M990 and
M391). In these cases, the equatorward side of the front
is conditionally unstable while ‘the poleward side 1is

stable initially. It is 1intercsting to note that in the
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RS
3
‘% .frqntal zone the convective adjustment apparently has
' stablized the atmosphere in the vertical direction.
,5 However, the ©® e« and M lines are nearly parallel in the
g frontal ;one; and the area favorable for sloping updraft
; is much greater than that for the R.H.=60% cases. In
'% this case, a low level maximum wind of 5 m/s actually
:é develops near z=3 km.
, Similar to the R.H.=90% .midlatitude cases, all the
f§ subtropical without-flux cases (Fig. 4.7a,b) have
§ conditional unstable profiles equatorward of the front
> and a stable 6e profile poleward; In the with-flux cases
'E (Fig. 4.7c,d), the conditional instability also exists 1in
.3 the poleward region, a result of the supply of moisture
’
and heat at the surface. The frontal rising motion zones
iz in all cases again have stable 0 e profiles, but shows
:; signs of even stronger symmetric instability in lower
”
troposphere.
:i In the S60 case (Fig. 4.7a), there is a larger area of
g near neutral 6e profiles along the M-surfaces in the
’; vicinity of the frontal rising motion. In the S61 case

L/ LA N

(Fig. 4.7c), the ©6 e profiles in the lower troposphere

actually become unstable along the M surfaces in the

rising motion zone. The same is true for the S90 and S91
N cases (Figs. 4.7b,d), except the area of symmetric
o instability is even larger than in the R.H.=60% cases.
l‘
. Thus, for all cases when the condition of symmetlric
. 125
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N instability 1is suggested by the 8 e profile along M-

surfaces, a relatively intense LLJ is developed. While
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in the present model framework, it is difficult to assess

o

directly the possible roles of symmetric instability, the

X AL

appearance of the slantwise convection structure seems to

be an important factor in the occurrence of the
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equatorward secondary circulation.
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130

B R R I TR S ol S L R St SRR S Y I ST T S St PR
OO RR I S Er A SN Ol O E R S R RO
L) - » L} .

i - .-
DAY



e g

‘'z £ep (o) 1B ‘09N ‘eseO opnineplm [BOIdA} JO]

[erjuajod jus[vainba pus

'0'G Aep (J) pue o'y Lep (9) ‘0°t¢ A®vp (P)

-8 W JOo qun ul (plOS) uonounj-| JO UOI)D8S SS0J4D

Janiiivl
oot 0'g¢ o'oF a-qr 0°08% o099 0°09
~+—~--4-f°
jo
Sl
- . K-
L >
-]
o
o
o (o} -
[~ - + —00— | o
™ ~ o
1S
,..Lr.ﬁl -3
- § &
5 R T 4-1L¥o
| i 22
S IR N o
| . -2
) [
‘o'o¢ 0°g€ 0°a9

—

[
I
o

T

9105 0°ZL0°0L 0'8 00 O'¥ 0°T0'0

Y

[}
!

| P

(ANN)Z

{(NX)Z

‘(ysep) eunjeladuad) ("3u02)
Py 814

IgnLv
o.mv [ D3 4 0°09 o.mc 009

Y

9L0°'vL0°ZLO'0L O'8 O'9 OF 0°Z0°0

1

P

(NX)Z

L4

s

m——

14 od

{NN)Z

R 0'{&0'0l 08 09 0¥ 0200

131

-

N AL

TR

S

R




Oh,
N
o
RS
Il N °
©
- -
B o
¥ 21
\.;, o
3 o
o <
-\j o
b ¥m
L N °
n'..
- o
~, ~ ]
.
. o
N o~
o 9
_ )
Q
] ®
o
- °
P <-
n.‘ o
-~ o~
°
o
s So
. 5@'
N
. <
. <
" .
- <-
.-\ o
N o
- o
o T
- . : 21.0
- LATITUDE
, Fig. 4.5 Cross section of 24-hour averaged M-function (solid) in
y units of m s*! and equivalent potential temperature (dash),
Be(°K) for typical subtropical case, S90, at (a) day 0.,
, (b) day 1.0.
A 132
7
.
(4




R’

-hcnnrn-y. 1

.'\\‘

-

'0°G KLep (3) pue 0’y £8p (3) ‘0'¢ Lvp (P) ‘0’z L=p (2) 1@ ‘06S

taseo [Bordoayqns [eord£3 a0y (Mo)®g ‘(ysep) eanjvrsdwal [erjusjod jusfeamnbs A : ucouv
pus ;.8 w jJO sjun ut (pijos) uoruny-nW pa8BaaaB anoy-yz JO UOI}O9S S8O0JI)H G'y "By
3antilvi 3401V
01z : o . 09 o't (YT 0°1Z 0'0z 01 0°o¢
. il ° —— k w—l -}
o °
~ R —~ ~
1.0 0tE- ~ °
s R
° w o
| o , o
o N “ - ﬁo
= ! P -
o2 | o _ove§ o
s i 5
J o b — — -]
L~ T~ - L%
o -\ - - o
e T Y v 5y
5 Cofo-b--qse f-- a
- B oo oSy -

3anltiiv
O.m

3aN1iv |
0°\Z 0°8Z

y
1

T

—

9L 0°¥I 0°ZLO'0L O'8 0’9 O'¥ 0°20°0

P y

g

910°%,0°Zi0°0l 08 00 O'¥ 0°Z0°0

Y

-

.- -I -\ .-

... vt
.r..-..!!nt.k

(-(--c -.- .4‘4, . - -. -a. ..- -. -q -ﬁ. .. -.- -\ .\- .;ﬁ ‘-..;\ -

PR AN

{NA)Z

Wiz

133

[P .
I I )




*(M0)? g ‘(ysep) eanijeasdwal [EBrIUIIOL <
juseAInbe pus ;.S W JO sjIUN ul (pIos) uonounj~p| JIoj jdaoxse ‘g'y ‘Bd Ul sY 9y *I1d A
3
3aniiLvi aaniiivi E
0°0¢ 0°9€ o oy 09y ) ) ) oot 0°9¢ o'or o9y 0°09 0°99 009
N (N D P AN e - ..1..0
o o
[ad |~
o ]
t--4-4- L > - >
~ o o
ﬁ I B DRI -.9 K-J
o o °N °nN
o @ e | x
™ o~ o o
-1-r - 1o S B
o o
-r n
Hl— 4 — + |~ J [~ o
L% -x
- 4 =+ —[~ - o o
> > < .
o '
— ...n
0-0¢ 0'gc o “]
T o o -
- L -4 == L ~ 0 0
N -
o © 4
1=k ~~4 -~ & >
- o o N
L4 F -4~ | o | o ._
o o oN oN '
o~ © Lo = | & = .
[y o~ o2 ] o ; ..‘
= = Ny
| o o N
- 4 - ~{= 4 =4 ﬁ. N
° o 5 &
- ~ o
~N e .,
Fi—- J L - ] 0 o _.-\
L = L=
- 1— 4 — T ) g o o
s : )
.
)

\J\d\-\..\-\.,.-ﬂ. -.-n.A.......\......\. ..-.- \:\..\......‘\J. .u.- N ... AN PRI ... J .-. 2o ] SRR S AR e o B IR




jus[ealnbs pue ;.5 W Jo jun

34aNLiLvI
01z 007

U

oy

14

-

T

IANLMLYT

o . - o'tz

$10°Yi0'2ZL0O'0L 08 09 0F 0200

91 0°¥1 0°ZI OO0} 08 09 O'F 0°ZO'0
(WX Z

(WX)Z

*(Mo)? g ‘(Yysep) suniezadws} [errjusiod
ur (pljos) uonpounjy~| Jojy 1dsoxad ‘gy By ur sy

L'y t81d

Janiivi
012 ) | 0°9€E

il

9L O'YL0°'ZL0°0L 0'B 09 O'¥ 000

|

|

|
-

|
|
’

3anLliLvi
oot 0°1z o'z o'le  0°9E

(W) z

v

\

0l O0'YiG'Zi0o’'0Ol Q'8 00 O'F 0°ZO'0

s v

P T TR IR S4ra)
et e ,
LI AR N x

(WN)Z

135

e
e
SYNIRIN

LI

EENL

e e
<.
Ral a2 AL

-a. .-.".‘--C“‘
alaakalial

a S ey




—_
& A A

IR

B AR AN

N, -.‘,.',.‘..n

SRR

'l

e '..\"

.“n.l [ A

o

l._, '_"

V. SUMMARY AND CONCLUSIONS

In this work a two-dimensional frontal model is used to
study the structure and behavior of the Mei-Yu front, with
special emphasis on the dynamics of the low-level jet (LLJ)
that is frequently observed ahead of the front. The Mei-Yu

front develops in the area of the east Asian monsoon trough

during early summer, and is the most important rain-

producing system over east Asia outside of the typhoon
season. This study is motivated by the unique mixed
midlatitude~tropical properties of the Mei-Yu front (e.g.,
Chen and Chang, 1980), where heavy convection and strong
low-level horizontal shear are associated with the nearly
zonally-oriented front. 7The occurrence of the LLJ is highly
correlated with heavy convective rainfall. The mechanism for
the development of this LLJ is the main focus of this study.

In the numerical model, the time-varying response to a
constant large-scale forcing was treated by a set of
perturbation equations. The large-scale forcing was
prescribed by a stretching deformation field which 1is
characteristic of the frontogenetical forcing of the Mei-Yu
front. The quasi-steady state responses to this forcing
were obtained by integrating the perturbation equations from

an initial state which is given by the seasonally-averaged

zonal flow. Two major sets of experiments were conducted.
The first 1is based on midlatitude conditions, where the
136
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: Coriolis parameter at 46° latitude and an initially stable
X~

| sounding were chosen. The second is based on subtropical
a conditions, where tﬁe Coriolié parameter at 22.5° Jlatitude
32 and an initial sounding that is conditionally unstable was
N chosen. For each set of initial conditions, a number of
E supplemental cases were integrated to study the effects of
5 varying initial  humidity values and surface fluxes of
. momentum, heat and moisture. Ih the midlatitude cases, the
-E quasi-steady state is reached within four days of
é integration. In the subtropical cases, small-scale features
- due to intense convection cause the motion field to
{j fluctuate throughout the integration. A 24-hour averaging
§ was appliéd at day 5 (96-120 h). This 1is considered the
lﬁ quasi-steady state as further integration shows that the
:5 motion remains quasi-steady.
™
:ﬁ For both midlatitude and subtropical experiments, the
) frontal zone develops equatorward of the dilation axis. The
=£: separation between the front and the dilation axis is
;E greater for the subtropical cases than for the midlatitude
f- cases. This larger separation 1is apparently due to the
; smaller- f and, therefore, a relatively large ageostrophic
X
ﬁ secondary circulation around the frontal 2zone whose lower
T branch advects the surface front farther equatorward. The
j midlatitude front extends deeply into the upper troposphére
o

: with a strong poleward tilt, whereas the subtropical front

is confined to the lower troposphere with less tilt, which
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is in good agreement with observations (e.g., Chen and
Chang, 1980). Along the sloping front, slantwise updrafts
develop with a multi-band structure. This updraft is more
evident in the subtropical cases and in the more moist
midlatitude cases.

A westerly jet in the upper troposphere and an easterly
jJet in the lower troposphere develop in both midlatitude and

subtropical cases, with smaller intensities in the

subtropical <cases. The 1inclusion of higher humidity or
surface fluxes leads to stronger upper westerlies,

apparently as a result of stronger cumulus convection. The
lower level! easterlies weaken both in the midlatitudes and
the subtropics with the inclusion of surface fluxes. This
is apparently due to the effect of momentum dissipation at
the surface. An interesting feature in the zonal wind field
in the subtropical cases is the concurrent development of

upper-level easterliecs and low-level westerlies equatorward

of the front. The low-level westerly maximum at z = 3-4 km
resembles a LLJ, whose intensity increases when higher
moisture 1is included. In the midlatitude cases, only a

‘small downward and equatorward penetration of the upper

westerlies appears in the similar area.

While several theories have been proposed for the
development of low-level jets in the Mei-Yu 'and other
circulation systems, the choice of the model set up prevents

consideration of some of these theories as a possible
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: explanation for the simulated LLJ. The absence of terrain
L and diurnal radiation cycles in the model precludes the
% boundary-layer theories (Wexler, 1961 ; Holton, 1967;
; Blackadar, 1957), and the absence of a cumulus momentum
2 transport parameterization precludes the mechanism due to
. cumulus momentum transport (Masomoto and Ninomiya, 1969;
Ninomiya, 1971). In addition, the vertical coupling
mechanism suggested by Uccellihi and Johnson (1979) also
- does not apply in the Mei-Yu simulation, because the upper
tropospheric westerly jet 1is located too far from the
4 ' latitude of the LLJ (Fig. 1.4).
The appearance of an easterly regime in the upper
A troposphere on the equator side of the front above the LLJ
suggests that the LLJ may be the result of a secondary
circulation that resembles a "reversed Hadley"” cell. This
. possibility is supported by the temperature distribution,
which indicates that the "reversed Hadley" cell is actually
a thermally direct circulation that is capable of
maintaining the kinetic energy. The lower branch of this
= circulation is directed poleward toward the front, and it
exerts a westerly Coriolis torque which can develop and
maintain the LLJ. A meridional-vertical streamfunction
reveals the structure of this secondary circulation, with a
¢ strong lower branch return flow coinciding with the

development of a LLJ in the more moist, subtropical cases.
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Several possible mechanisms may generate the reversed

Hadley cell. The possibility that the reversed Hadley cell
is a secondary circulation associated with the basic frontal

structure was ruled out because in the drier midlatitude

l-“.

L cases the frontal secondary circulation is a single cell
around the front with upward motion on the equator side and
downward motion on the pole side. No LLJ is developed 1in
these cases. In the more moist'(especially the subtropica]f

cases, the LLJ developed with the equator-side secondary

-
3 circulation. This suggests the importance of cumulus
4
° convection in developing the reversed Hadley cell and the
y LLJ.
>
- In all cases where a LLJ 1is developed, there is a
- sloping updraft with multi-band rising motion cells. This
: suggests that, besides regular "upright" convection due to
: conditional instability, slantwise convection arising out of
symmetric instability may also be relevant. The roles of
. these two types of convection were studied by examining the
é evolution of the equivalent potential temperature
X distribution in the vertical and along the pseudo-angular
- momentum (M-function) surfaces. In the subtropical cases
E where the atmosphere is conditionally unstable initially,

r- upright convection develops rapidly and the <c¢onditional

instability is quickly released. During the early stages of

b (3
4 a"s a s 2 a

the development, the M-function surface is nearly vertical,

so that the condition for symmetric instability, (90e/092z)m
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0, is also given by that for conditional instability, (936e/

Vo

. 3z)y < 0. As the frontogenetical process continues, the M-
; surfaces in the frontal 2zone begin to slope and the
o
;: condition for symmetric instability become different from
™ that for <conditional instability. As the <conditionally
o
o unstable soundings adjusts to neutral, the 6e sounding
N -

-~

'g along M surfaces is either neutral or slightly unstable in
y the middle-lower troposphere bélow 6 km. At this stage,
~$: slantwise convection is observed in the frontal zone and is
ﬁ- indicative of the possible importance of symmetric
.\'

instability processes.

22
'jﬁ In the more moist midlatitude cases, slantwise
-’\
3: convection is also observed. In these cases, the frontal
o
= zone remains statically stable. However, the frontogenetic
"~ 3 Nl 3

- forcing produces slanted M surfaces there, with the 6.
-;"

:f profiles on these surfaces reduced to only slightly stable

- based on the symmetric instability criterion. This result is
:: in agreement with the recent theory of Emanuel (1985) who
‘.
':: showed that, under frontogenetic forcing, sloping updrafts
s can occur in a concentrated region on the warm side of the
}'n .
j, frontal zone, and result in an enhanced secondary
A
Roox circulation. It also agrees with the observation by Sanders
L, and Bosart (1985) of a mesoscale precipitation band in a
k: winter-time extratropical cyclone over northeastern United
&: States, in which a sloping updraft was observed in an
. 141
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epvironment 1in which the symmetric stability was weakly
positive.

The main findings of this study are that the LLJ in a
subtropical Mei-Yu front can develop as a result of the
Coriolis torque of a secondary circulation on the equator
side of the front. This secondary circulation is thermally

direct and is in the reversed Hadley sense. It is driven by

intense condensation heating due to heavy precipitation.

The upward motion takes the form of slantwise convection as
a result of the frontogenesis forcing. The slantwise
convection begins to appear after the atmosphere is
stablized by the convective adjustment. It is conceivable
that, without the slantwise convection, which is
concentrated along the frontal surface, the 1latent heat
release would spread out over a broader area. This would
give rise to a weaker secondary circulation. These
conclusions are consistent with the observations that low-
level jets are often associated with intense convection and
heavy rainfall in the Mei-Yu front, and the 1indirect
evidence of a sinking region south of the Baiu front as
revealed by Matsumoto’s (1972) moisture analysis. Further
study is needed to <clarify the possible roles of the
symmetric instability mechanism. However, the strong in-
phase correlation between the rising velocity and heating
indicates that the main conclusion concerning the role of

the secondary circulation should not depend on the details
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of the formulation of condensation hea@ing in the model. In
fact, the frontal forcing is the dominating factor that
determines the region éf maximum rising motion. Given the
moist subtropical environment for the Mei-Yu system, if a
specified <(instead of ©predicted) heating function is
appropriately prescribed in the model, a strong secondary
circulation equatorward of the front may also be expected.

Observational studies (e.g., Chen and Tsay, 1978)
reported that the Mei-Yu convection and heavy rainfall are
organized in mesoscale convective complexes (MCC), which can
not be treated in the present two-dimensional model. A
three~dimensional mesoscale numerical predication model,
where the MCC's can be explicitly simulated, should be used
to reexamine the relationship between the LLJ, secondary
circulation and convection. A three-dimensional model is
also necessary to study the entire life cycle of the Mei-Yu
front and the LLJ. The development and decaying stages of
the LLJ and the Mei-Yu front are of different time scales.
While the Mei-Yu front usually persists for several days to
one week or more, the appearance of the LLJ 1is more
transient in nature. The time evolution of the LLJ within
the quasi-steady Mei-Yu front 1is therefore an interesting
topic for further studies.

The model may also be improved to study additional
effects. The inclusion of a planetary boundary 1layer

parameterization that 1is more sophisticated than the bulk
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aerodynamics and is coupled with a diurnal radiation cycle
will better represent the effects of friction, especially
the interaction-with radiation processes. The inclusion of
terrain may be particularly important,- since the Mei-Yu
front is over the mountainous region of southern China,
Taiwan and Japan. The topographical effect of the mountains

and the land-sea complex in this region undoubtedly play an

.
o W Wy O,

important role in both the iarge—scale front and thev

embedded mesoscale convective systems. In addition, Keyser
and Anthes (1982, 1986) have argued that a stratification-
dependent boundary layer effect is important for the
intensity of vertical velocity in a surface front, while Mak
and Bannon (1984) argued that condensation heating alone
plays a more critical role. A sophisticated planetary
boundary layer parameterization may help to clarify this
issue. Finally, further observational studies are also
necessary to investigate the Mei-Yu processes both in the
planetary boundary layer as well as in the entire

troposphere.
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In this study, the total number of vertical levels, kt,
is 54, The corresponding pressure levels used in the model

s are shown in Table A.1

TABLE A.1 FORECAST LEVELS (cb)

LEVEL p(ch) p(cb) p(cb)
1 95.86 19 44.81 37 20.95

N 2 - 91.9 20 12.96 38 20.08

E 3 88.1 21 41.18 39 19.25

A 4 84.45 22 39.48 40 18.25

g 5 80.96 23 37.85 a1 17.69

é 6 - 77.61 24 36.28 42 16.96

2 7 74.4 25 34.78 43 16.26

3 8 71.32 26 33.34 44 15.59

S 9 68.37 27 31.96 45 14.94

- 10 65.54 28 30.64 46 14.32

11 62.83 29 29,37 47 13.73

12 60.23 30 28.16 48 13.16

13 57.54 31 26.99 49 12.62

; 14 55.35 32 25.88 50 12.10

- 15 53.06 33 24,81 51 11.60

: 16 50.87 34 23.78 52 11.12

17 48.76 35 22.80 53 10.66

18 46.75 36 21.85 54 10.22
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B. GRID ARRANGEMENTS

HY e S

The model grids and the all field variables are arranged

N as in Fig. B.1l. The vertical level, P, is the midpoint
i: between levels of p. Vertical velocity is defined at p
&)
levels and the other variables u, v, 6, g and T are defined
E at p levels. The horizontal grids are defined by y and ¥.
-f Variables 6, q, T and 8 are defined at y where &j,k is
s defined at y and p coordinates and is calculated from the
‘
: continuity equation.
"
: (p, =p .)
- ~ -~ k-1 . - Vs
: Wik = Wjk-1 - T (Visk-1 = Vj-1,k-1)
< Yj - Yj-1
. ]
Yj-1 ¥j-1 Yj Yj Yij+l i+l
"' ~
% bl __J ________ I_______J ______
; I I l
¢
i Pk+1 | | L
-
A 0i. TR 6 u 0 u
: S 11_,}_3_1_ JPJ___,'r_J___;,_Jil_q} A
& ik
Py | 1 |
N Pk-1 _ __ _ __J ________ '_______J ______
N l l l
“~
' Pk-1 l I l
f Fig. B.1 The model grid arrangement.
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FINITE DIFFERENCE FORMULATION

The equation set (2.1.16) and (2.1.19)-(2.1.23) can be
integrated by a pure marching process. In this study a
spatially staggered finite~difference scheme is used as
compared to the unstaggered scheme used in Williams (1974).
The variables 06, ® and q are carried at the same points in
y, and u and v are carried equidistant between these points
(see Fig. B.1). Winninghoff (1968), Arakawa and Lamb (1977)
and Schoenstadt (1980) have shown that this staggered grid,
which is known as scheme B, is much better than the
unstaggered grid (scheme A) for geostrophic adjustment.
This scheme is especially superior when small-scale heating
occurs, such as near a front. The nonlinear terms are
arranged to conserve mean squares in the advection terms.
Leapfrog time differencing 1is wused, except the model 1is
restarted every fifth timestep with an Euler backward step
following Arakawa and Lamb (1977).

For the finite difference fTormulation, we discuss only
the spatial derivative terms in the u and v equations [i.e.,

(2.1.16) and (2.1.19)],

r.—§7 VP16 = Dvgen e+ vi,k0) (Fia e * Fix)

- (vi,k + vi-1,k0(Fi,k * Fi-1,6)1/8(yj41 - ¥5)
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Eﬁfy‘°F]j,k = [(&j+1’k+1 + 6j,k+1) (Fj’k+1 + Fjak)

T bkt 8500 (Fy k¢ Fi,k-111/4(pg41 - py)

F P -
Q%y]j,k = (Fjs1,x - Fi-1,k)/(yj41 + §5-1)

2
é};glj,k =[ - —3/(yj+1 - ¥j)

rd aF
[7;5 Kg}ﬂ

(Fie1,k = Fy i) (Fik = Fio1,1)

(Yj+1 = ¥3) (¥5 - ¥5-1)

Kol (Fiker = Fioi) KilFy e = k1)
<1 74, LA : 1o+t = py)

jsk = - ~ b -
(pk+1 - Pk) (px =~ Pk-1)

where F isg either u or v,
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For the 8 and q equations,

b4

&

)

* 6 o\- ~

3 [5y 613,k = v, k(Gie1,k + Gj k) = vi-1,k(G5,k + Gj-1,k)/2(y5 - y5-1)

$ -
Y,

.:‘. a . .

s [y 9635,k = TGy, ka1 (3,0 *+ 65,10 -0 5,k(@5k + 63,k-1)/2(pks1 = Pi)
.,

«*, I

< Bylik = (631 k - 63-1,0)/lyger + ¥571)

.

Ca

- o2ay o (Gl - By Bk = 810, 0

A S CFFS U T)) T Ty sy YT YL
2 Kg+1 (65 - 65 k) K (65 & = Gi k1)
G k+1 127,k+1 = Ui,k k1B8j,k = 93,k-1
: L5 k3R = B S DS TG PP
(Pr+1 - Pk) (Pk - Pk-1)

; where G is either © or q.
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